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ABSTRACT 
The purpose of the present investigation was to 
study the effect of surfactant type, at a specific con-
centration, on the microstructure of styrene/n-butyl 
copolymer latexes. 
An emulsifying technique, ultrasonification, at 
ambient temperature was employed to observe the emulsion 
stability of a 50/50 wt. percent monomer system of 
styrene/n-butyl acrylate in a select series of anionic 
and nonionic surfactants and water at 50% solids. 
As the anionic surfactants, a specific class was 
selected, namely, the Aerosol series of the American 
Cyanamid Company, being sodium alkyl sulfosuccinates and 
having a CMC (Critical Micelle Concentration) range of 
0.001 to 18.0 wt. percent. 
Two series of nonionic surfactants were chosen, 
namely, the Igepal CO-series of the GAF Corporation, 
being a homologous series of nonylphenoxypoly(ethylene 
oxy) ethanols having an HLB (~ydrophile-~ipophile-
Balance) range of 4.9 to 17.Bt and the Triton X-series 
of the Rohm and Haas Company, being described as octyl-
phenol ethylene oxide adducts and having an HLB range 
of 3 • 6 to 1 7 . 9 . 
-1-
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The ultrasonification tests revealed emulsion stabili-
ty (21 hours nonseparation) for the anionic series, in a 
range of 0.001 to 0.07 wt. percent CMC. For the nonionics, 
emulsion stability was achieved in the HLB range of 15.3 -
17.2 (Igepal CO-series) and 13.5-17.9 (Triton X-series) . 
Following the ultrasonification tests and observa-
tions, emulsion polymerizations were conducted by semi-
continuous addition method at 30% solids and using po-
tassium persulfate as the free radical initiator. Two 
very distinct and inversely related physical phenomena 
were observed. In the Aerosol series, the CMC generally 
governed the particle size of the resultant emulsion 
,J polymer. At a CMC of 18 wt. percent, a particle size of 
Dw 340.5 nm was obtained decreasing to a particle size of 
Dw 61.9 nm at a CMC of 0.05 wt. percent. The molecular 
iF, 
weight increased from~ 74,200 at a CMC of 18 wt. percent 
to~ 751,000 at a CMC of 0.05 wt. percent which is in 
accordance with the accepted Smith-Ewart polymerization 
theories. 
Similar trends, based on the HLB, were observed for 
the nonionic Igepal CO-series and the Triton X-series. 
At low HLB (3.6 and 4.6) large particle size emulsion 
polymers with low molecular weights were obtained as com-
pared to small particle size emulsion polymers with high 
molecular weights at higher HLB's (17.8 and 17.9). 
-2-
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Particle size determinations by TEM (transmission 
electron microscopy) could not be obtained conventionally; 
polymer particles required high energy irradiation to in-
duce internal crosslinking beyond the deformation tempera-
tures encountered in TEM. 
Two other particle size determination methods were 
used. The first was light scattering, using the dissym-
metry method for the smaller size particles and the for-
ward angle ratio method for larger size particles. Results 
correlate with those of TEM quite well. The third method 
of particle size determination was by Hydrodynamic Chroma-
tography; again, results are comparable to TEM. 
Laboratory surface tension measurements we.re conducted 
which conform to published data by manufacturers . 
. Limited experiments were carried out to characterize 
the copolymer composition by use of Thin Layer-FID 
Chromatography. 
-3-
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I. INTRODUCTION 
It is known that surface active agents_play an im-
portant role in controlling the rate of emulsion polymer-
izations, particle size; film forming and performance 
properties as well as emulsion stability. 
Chemists working in the area of emulsification, and 
the field is a vast one, also know surface active agents 
by a variety of other names such as detergent, wetting 
agent, dispersant, .soap or surfactant. 
In order to understand the function and role of a 
surfactant(s), it is important to learn more about this 
vital component in an emulsion polymer. 
The lowering of the surface tension of water by the 
addition of surface active agents has been defined b_y 
Rose [1]. 
The basic phenomenon of a surfactant, according to 
Moilliet et al. [2] is adsorption; adsorption can result 
in either or both of the following types of behavior: 
(a) Lowering of one or more of the boundary 
tensions prevailing at the interface of 
the system under investigation. 
(b) Stabilization of one or more of the inter-
faces by formation of adsorbed layers 
which mechanically oppose any tendency 
-4-
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for these interfaces to be diminished in 
area or destroyed. 
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II. OBJECTIVES 
1. To study the effect of the HLB (~ydrophilic-
~ipophilic-~alance) and the CMC (Critical ~icelle fon-
centration) of numerous surface active agents on the 
shelf stability of a given monomer-water mixture. The 
study to include a range of nonionic and a variety of 
anionic surface active agents. Being only a preliminary 
process, it is to determine if meaningful data can be 
developed through a relatively simple laboratory "Pre-
Emulsifying Technique", using a monomer/water/emulsi-
fier (surfactant) mixture at room temperature, which 
will provide predictability, information, trends and 
guidelines that can be translated and applied to actual 
emulsion polymerizations. 
2. To conduct emulsion copolymerizations and to 
determine if a relationship exists between the results 
of the "Pre-Emulsification Technique" and the actual 
polymerizations. 
3. To evaluate the prepared emulsion copolymers 
for the effect(s) of the various nonionic and anionic 
surfactants on the following polymer properties: 
(a) Degree of conversion. 
(b) Weight and number average molecular 
-6-
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weight by gel permeation chromatography 
(GPC) . 
(c) Weight and number average particle 
size diameter determination by TEM 
and particle size distribution by a 
Zeiss Analyzer. 
(d) Comparison of particle size diameters 
by TEM and light scattering (dissymmetry 
and forward angle ratio method). 
(e) Particle size determination by hydro-
dynamic chromatography (HOC). 
(f) Copolymer composition by "Thin-Layer 
Chromatography/FID" (TLC/FID). 
(g) Surface Tension versus Concentration 
Curves for Aerosol Series . 
-7-
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A. DESCRIPTION OF SURFACTANTS 
A surfactant contains both a lipophilic or "oil-
loving" group and a solubilizing or polar group refe-rred 
to as the hydrophilic or "water-loving" group. This 
particular structure gives the surfactant its unique 
surface active properties. Depending on chemical 
structure, surfactants can either be water soluble, 
organic soluble, or soluble in both water and organic 
compounds. In aqueous systems, the hydrophilic part 
exerts a solubilizing effect and tends to draw the en-
tire molecule into solution; its counterpart, the lipo-
philic gioup, because of its .insolubility, has the effect 
of res~sting this tendency. If the proper balance be-
tween the two parts is achieved, the surfactant does not 
dissolve completely or remain completely undissolved but 
concentrates at the respective interface (water/air, 
solvent/air, solvent/water); the orientation of the 
surfactant molecule being such that the hydrophilic 
groups are in the aqueous phase and the lipophilic_groups 
extend into the nonaqueous (oil) phase. 
The hydrophilic group is usually an ionizing group 
or a polyglycol chain. The lipophilic (also known as 
hydrophobic) group is usually a hydrocarbon chain. The 
-8-
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chain length may vary from 8 to 18 carbons. Hydrocarbon 
chains, in the following illustrations, are represented 
by straight lines. 
Lipophilic Group 
(Hydrophobic Group) Hydrophilic Group 
------------ C-0- Na+ 
ti 
Sodium Carboxylate 
0 
- + ' so3 Na 
H 
X 
Sodium Sulfonate 
Polyglycol Chain 
Surfactants .are broadly divided into two classes ac-
cording to the nature of their colloidal solutions in 
water. Compounds belonging to the first class, the ionic 
surfactants, form ions in solutions and are typical col-
loidal electrolytes. 
Examples: 
Anionic Surfactants 
~~~~~~~-C-0-Na+ 
ii 
0 
Soap 
Alkyl Benzene 
Sulfonate 
When ionized, the organic portion of 
the molecule is anionic. 
-9-
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Cationic Surfactants 
Quaternary 
Ammonium Salts 
The organic portion of the molecule is 
cationic. 
Amphoteric Surfactants 
Hydrophobic Group Hydrophilic Group 
Amino and Carboxyl 
H 0 
+ II _ 
~~~~~~-N -S-0 Amino and Sulfonic 
H ~ 
These are surfactants which have both an 
acidic and basic function in their 
structure. 
Nonionic Surfactants 
Nonionic surfactants do not ionize in solution. The 
hydrophilic group is usually a polyglycol chain; non-
ionics owe their solubility to the combined effect of a 
number of weak solubilizing groups such as the ether 
linkage or hydroxyl groups in their molecule. 
-:10-
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Examples: 
Alkyl Phenol 
Adduct 
Fatty Alcohol 
Adduct 
In corrnnercial latexes (emulsions) nonionic and 
anionic surfactants are the most widely used. Therefore, 
this investigation is concerned with nonionic and anionic 
surfactants. 
1. Nonionic Surfactants 
The nonionic class of surfactants represents one of 
the most versatile and varied classes of surfactants avail-
able to the chemist today. They are not only excellent 
emulsifiers, detergents and wetting agents, but they also 
have the advantage of being compatible with many substances 
that react with and inactivate anionic and cationic 
surfactants. 
The hydrophilic portion of nonionic surfactants has 
the following characteristics which distinguish it from 
ionic surfactants: 
(a) Little or no electrical charge. 
(b) The hydrophilic as well as the lipophilic 
portions of the nonionic surfactants are 
comparatively large and easily varied. 
-11-
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In this investigation, two types of nonionic surfac-
tants were used, namely: 
(1) The almost complete Igepal CO-series [3]. 
(2) An extensive segment of the Triton X-series 
[ 4] • 
The Igepal CO-surfactants are derived from the same 
hydrophobic (lipophilic) starting material NONYL PHENOL, 
and differ only in the amount of the hydrophilic sub-
stance, ETHYLENE OXIDE, combined with nonyl phenol. 
Their chemical structure is that of a polyoxyethylated 
nonyl phenol, as illustrated by the following formula: 
n = number of moles of ethylene oxide 
The Igepal CO-series used in these experiments in-
-
elude the following products, which are listed in order 
of their increasing polyoxyethylene chain length: 
n, moles % by wt. 
Type E.O. av. E.O. HLB 
Igepal C0-210 1.5 24.7 4.9 
" C0-430 4.0 46.7 9.3 
II C0-530 6.0 56.7 11.4 
" C0-630 9.0 66.3 13.2 
" C0-710 10.5 69.7 13.9 
" C0-730 15.0 76.7 15.3 
" C0-850 20.0 81.4 16.3 
" C0-880 30.0 86.8 17.3 
" C0-890 40.0 89.0 17.8 
-12-
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A number of the second type of nonionic surfactant 
was investigated, taken .from the Triton X-series of the 
Rohm and Haas Co. This series of nonionic surfactants 
is prepared by the reaction of octyl phenol with ethylene 
oxide. The products are of the type commonly described 
as alkylaryl polyether alcohols and have the following 
general structural formula: 
n = number of moles of ethylene oxide 
The following Triton X's were used in this investi-
gation; they are listed in order of increasing polyoxy-
ethylene chain length: 
n-, moles % by wt. 
Type E.O. av. E.0. HLB 
Triton X-15 1 18.0 3.6 
" X-35 3 39.0 7.8 
" X-45 5 52.0 10.4 
" X-114 7. 5 62 12.4 
" X-100 9.5 67.5 13.5 
" X-102 12.5 72.5 14.5 
" X-165 16.0 79.0 15.8 
" X-305 30.0 86.5 17.3 
" X-405 40.0 89.5 17.9 
-13-
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, The concept of the HLB was used in this investiga-
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·:i tion as the model to relate important physical phenomena 
•,I 
•., 
i and observations in studying the role and importance of 
~) 
;,i surfactants in emulsion copolymerizations in a so-called 
.... 
• .. 
"Pre-Emulsification Technique", and subsequently in 
actual copolymerization studies. 
Atlas Chemical Industries, Inc. [29] have pioneered 
in deriving the HLB system. HLB means the ~ydrophile-
~ipophile-~alance of surfactants, mainly nonionics. The 
HLB of a surfactant is an expression as to the size and 
strength of the hydrophilic and lipophilic portions of 
the surfactant. 
The BLB number for a surfactant is an indication of 
the weight percentage of the hydrophilic portion of the 
nonionic surfactant molecule. Thus, if a nonionic sur-
factant were 20% hydrophilic (water-loving), one would 
expect it to have an HLB of 20. However, in practice 
t~is surfactant is assigned an HLB number of 4; this 
number is arrived at by dividing the weight percent of 
ethylene oxide in the surfactant by 5. 
3. Anionic Surfactants 
This investigation also included a broad range of 
anionic surfactants. Manufacturers of anionic surfactants 
claim that such compounds can have a pronounced effect on 
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emulsion polymers affecting such physical and performance 
properties as listed below: 
(1) Increased reaction rates in emulsion 
polymerizations. 
(2) Complete conversion of monomer to polymer. 
(3) Controlled particle size. 
(4) Good latex stability. 
(5) Improved heat and light stability of 
polymers. 
(6) Good adhesion of films prepared from 
latexes. 
(7) Excellent clarity and water resistance 
of films prepared from latexes. 
(8) -Suitable for use in preparing graft 
polymers. 
In this investigation, a broad range of anionic 
surfactants, specifically from the "Aerosol" series of 
American·Cyanamid Co., were selected for experimentation. 
The Aerosols used are listed below, reflecting trade 
name, chemical name, structure, solubility in water at 
25°C, surface tension, and critical micelle concentration 
(CMC) • 
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Trade Chemical 
Name Name Structure 
Aerosol Sodium dihexyl CH 2cooc6tt 13 MA-80 sulfosuccinate I 
1H COOC6H13 
S03Na 
Aerosol sodium diamyl 1H2COOC5H11 
AY-65 *lfosuccina.te 
1H COOC5Hll 
so3Na 
Aerosol Sodium dioctyl. CH 2COOC8H17 I OT-75 sulfosuccinate I _· i-i CH COOC 8H17 O"I I I S03Na 
Aerosol Disodium n-octadecyl 1H2CONHC18H37 18 sulfosucclnamate 
CH COONa 
I 
S03Na 
Aerosol Sodium (bis) tridecyl CH 2coooc13H27 TR-70 sulfosuccinate I . . Na0 3SCH COOC13H27 
Aerosol Tetrasodium CH 2COONa 22 I 
n(l,2~dicarboxyethyl) 
~a n-Octadecyl 
I 2 19H37 sulfosuccina~ate 
Na0 3SCH COONa 
Solution Min. su-rface 
in H20 Tension @25°C 
% dynes/cm 
33.0 27.5 
39.0 28.5 
1. 5 26.0 
3.5 42.0 
0.1 ;29.6 
40.0 41. 0 
Critical Micelle 
Cone. (CMC) 
wt. % 
0.95 
0.96 
0.07 
0.045 
0.001 
0.06.-
_ .. }.: . ' 
.. 
. . 
' -l -
' . 
' l t .. 
' .. 
I 
f--1 
,-.J 
I 
Cont'd. from page 16 
Trade 
Name 
Aerosol 
IB-45 
Aerosol 
A-,268 
Aerosol 
A-196 
Chemical 
Name 
Sodium di-isobutyl 
·sulfosuccinate 
Disodium isodecyl 
sulfosuccinate 
s_odium dicyclohexyl 
sulfosuccinate 
Structure 
CH 2COOC4H9 I 
Na0 3sCHCOOC4H9 
CH2COOC10H21 I 
Na0 3sCHCOONa 
r2coo-Q 
Na03SCHcoo-Q 
.•. =·. 
Solution Min. Surface Critical Micelle 
in H2o Tension @25°C Cone. (CMC) 
% dynes/cm wt. % 
60.0 49 .. 0 18 
29 0.1 
10 41 3.6 
1'" •• • •• , ,' .. •, ... •/' 
The concept of the HLB is also applicable to anionic 
surfactants [12). 
A more meaningful approach in relating physical 
phenomena in emulsion polymerizations based on anionic 
surfactants is provided by an understanding of the con-
cept of the critical micelle concentration. The critical 
micelle concentration (CMC) of a surfactant is that con-
centration at which surfactant molecules lose their 
random arrangement in a solution and aggregate into an 
orderly pattern. 
Schwartz et al. [5] relate that nonionic surfactants 
do not form ions in the sense of electrically charged 
dissociation products of single molecules. However, non-
ionic surfactants do have both the hydrophilic and hydro-
phobic group and the same forces which cause rnicelle 
formation with anion1c surfactants cause micelle formation 
with nonionics. 
When the concentration of the surfactant is increased, 
it is not likely that all the surfactant molecules will 
continue to orient at the interface. The heads of the 
ionic surfactants are charged, and we have a steric effect 
which must also be considered. As we increase the con-
centration of surfactant, we eventually reach a concentra-
tion where the interface is crowded. 
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hydrophobic air 
(Schematic illustration: "Orientation") 
Additi6nal surfactant does not continue to orient at the 
interface so surfactant molecules must stay in solution. 
This is opposed by the water molecules whose strong co-
hesive forces attempt to expel the hydrocarbon portion 
fyom solution. This expulsion is opposed by the hydro-
philic group and the end result is a compromise which is 
the formation of micelles [6]. Several different micelle 
structures are possible, but it is believed [7] that in 
r~lative dilute concentrations micelles are spherical. 
0 
C\ I? ; / 
0 0 
c/1~ 
0 
{Pictorial simplified illustration of Micelles) 
When the formation of micelles takes placei there is 
a marked change .in the slope of the curve obtained .f ram 
a plot of surface tension versus concentration of sur-
factant, as illustrated in Graph No. 1 below. 
-19-
,, •"·,· ..... 
,j 
,, 
! 
,' 
I tc .. , '/ : ·}'' 
'./! ,, 
:i. 
'"('. ,, 
'{: 
·'J 
~ } 
:i 
.... 
··/ 
,,., 
! 
.. 
C 
0 
·.-i 
UJ s 
C CJ 
(!)'-. 
~ UJ 
(l) 
(l) C 
(.) ~ 
rel 'd 
1H 
1-4 
::, 
C/) 
60 
50 
40 
30 
Aerosol 
20 
10 
0 
~-
TR-70 
\_ 
' ' 
' ' 
' Aerosol Aerosol 
CYI'- 75 MA-80 
• 
.0001 .001 .01 . 10 1. 0 10.0 100.0 
Surfactant Concentration, % Solids 
Graph 1. Surface Tension of Aerosol TR-70, OT-75, 
MA-80. Temp. 25°C, Surface Age= 15 sec. 
The critical micelle concentration (CMC) of a sur-
factant corresponds to the concentration at which this 
change in slope occurs. Thus, when surfactant molecules 
begin to aggregate to form micelles, the surface tension 
will not continue to drop significantly with addition of 
more surfactant, since the majority of added surfactant 
molecules enter the micelle. 
Knowledge of the critical micelle concentration is 
helpful in_deterrnining the appropriate amount of sur-
factant to use for either emulsion or suspension poly-
merization and to calculate the number of polymer parti-
cles. Such calculations are shown by Bovey et al. [8]. 
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Hydrophobic surfactants have a lower critical micelle 
concentration than the hydrophilic types. Generally, 
smaller particle size emulsions can be obtained by lower-
ing the critical micelle concentration of an existing 
emulsifier system. This is in accordance with the Smith-
Ewart theory [9] that the particle size of a latex will 
be inversely proportional to the number of nuclei. It is 
also in agreement with the observation that initiations 
of polymerizations begin in association with the micelle. 
Thus, the greater the number of micelles and, therefore, 
the greater the number of nuclei, the smaller the parti-
cle size of the resulting emulsion polymer. If the 
critical micelle concentration of a specific surfactant 
is reduced by adding another surfactant, the resulting 
emulsion polymer. will have a correspondingly reduced 
particle size. 
As already indicated, nonionic surfactants do not 
form ions [10] but, since nonionic surfactants do have 
both hydrophilic and hydrophobic groups, the same forces 
which cause micelle formation with ionic surfactants 
cause micelle formation with nonionics. The polyglycol 
group is usually as large or larger than the hydrophobic 
group and the hydrophilic portion of the micelle is very 
thick. 
Nonionic surfactants are usually a mixture of various 
molecular weights and the CMC is ·not defined as sharply as 
is the case with anionic surfactants. Nonionic surfactants 
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are salted out of solution by sodium salts in a manner 
similar to that of many ionic surfactants. 
If a conventional surfactant is dissolved in water, 
0 
the micelles are approximately 50 A in diameter and at the 
concentration employed in emulsion polymerizations there 
are 10 18 micelles per milliliter of water [11]. 
B. Description of Styrene and n-Butly Acrylate Monomers 
Structure: Styrene n-Butyl Acrylate 
0 
!I 
CH=CH2 
0 
CH2=CHCOC 4H9 
Molecular Weight ......... 104.14 128.17 
Refractive Index @20°C .... 1. 5463 1. 4190 
Density, gm/cc @20°C ..... 0.9059 0.8986 
Density, pounds/gal.· @25°C 7.53 7.47 
Boiling Point, oc 760 nun Hg 145 145 
Freezing Point, oc ........ -30.6 
Solubility in H20 at 20°c 0.14 
at 25°c 0.032 
at 40°c 0.12 
Solubility of water in 
monomer, at 20°c 0.8 
at 25°c 0.07 
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The r 1 and r 2 values for styrene/n-butyl acrylate 
system are as follows: 
T = 25°C 
T = 60°C 
0.48 
0.76 
0.15 
0.19 
C. Theories of Initiation for Emulsion Polymerizations 
There are four theories on the mechanism of initiation 
for emulsion polymerization. They are listed below: 
(1) Initiation in monomer swollen micelles, 
Harkins Theory [22]. 
(2) Initiation in adsorbed emulsifier layer 
Medvedev-Sheinker Theory [23,24]. 
(3) Initiation in the aqueous phase (by 
Priest [18]). 
(4) Initiation in monomer droplets (by 
Ugelstad, El-Aasser and Vanderhoff [17]). 
Emulsion polymerization was first employed during the 
I 
1940's in the production of synthetic styrene-butadiene 
rubbers. It was believed that initiation and subsequent 
polymerizat~on took place in the interior of the micelles 
\ 
almost exclusively. This is also known as the Harkins Theory 
[ 22] . The reasoning for initiation in the micelles was 
based on their high surface area-to-volume ratio compared 
to that of the monomer droplets. In general, there are 
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about 1017 - 1019 monomer swollen micelles and about 10 
9 
-
12 10 monomer droplets per milliliter of emulsion. Most of 
the emulsifier is in the form of micelles and the bulk of 
monomer is in monomer droplets. The monomer droplets are 
believed to feed monomer to the growing micelle and subse-
quent particle during the course of the polymerization. 
Only about 0.1% of the micelles are initiated and turn 
into polymer particles. At 2-15% conversion, the micelles 
that have been initiated have grown in size and are re-
ferred to as monomer swollen particles. As the monomer 
swollen particle grows in size, more emulsifier has to 
adsorb on its surface to stabilize it from flocculating 
with other particles; the emulsifier comes from solution 
first and, as the concentration of the emulsifier falls 
below the CMC (Critical Micelle Concentration), the in-
active micelles become unstable and start to disappear. 
At 50-80% conversion, the monomer droplets have disap-
peared completely. The particles now contain all of the 
} unreacted monomer with some, of course, being in solution. 
Another mechanism of initiation of emulsion polymer-
ization was proposed by Medvedev and Sheinker (24] to 
describe some of the results which do not fit into the 
Smith-Ewart Theory. For emulsion polymerization, the 
Smith-Ewart Case 2 behavior having the following re-
lationships are most common: 
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R a:N' [I]2/5' [E]3/5 
p· 
Na: [I]2/5, [E]3/5 
~(11.~ 
li,f 
t,·~ where 
~·t / )' .. , 
~ [I] = the initiator concentration 
·.~.~;1 
w 
. , [E] = the emulsifier concentration· 
Medvedev and Sheinker have suggested the following 
relationships: 
R a: Nl/5 
p 
[ E] 1 / 2 [I]l/2 
Medvedev and Sheinker believed that the site of initiation 
is actually on the surface of the micelle in the adsorbed 
emulsifier layer. In this theory, the radi~al cannot 
penetrate into the monomer swollen micelle due to the 
high viscosity encountered at the interface. The rate of 
polymerization was correlated to the total surface area 
of the particles which would tend to support this theory 
for some systems. If the amount of emulsifier required 
to stabilize the polymer particles is not sufficient after 
the disappearance of the micelles, the particles coalesce 
to reduce their number maintaining total surface area of 
adsorbed emulsifier. 
Initiation can also take place in the aqueous phase[18]. 
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This initiation occurs through the reaction of a free 
radical and monomer in solution. At a critical size the 
polymer chain precipitates out of solution to form latex 
particles by nucleation or by flocculating with an exist-
ing particle. The size and number of particles is a 
function of the amount of surfactant present in the 
system. According to this theory, the surfactant stabil-
izes the latex particles by adsorbing on its surface and 
prevents flocculation and coalescence onto existent 
particles if the Tg of the polymer is low enough. 
According to the fourth concept, the initiation may 
also occur in monomer droplets although their surface. 
area-to-volume ratio is low compared to that of the 
micelles. If the droplet size could be made small enough 
that the droplets could compete with the micelles for 
sites of initiation, this theory may account for at least 
some of the initiations occurring during the course of an 
emulsion polymerization. Work done by Ugelstad, El-Aasser 
and Vanderhoff [17] has made it possible to produce drop-
lets on the order of 0.2 µm which can serve as the site 
for initiation. 
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III. EXPERIMENTAL DETAILS AND RESULTS 
This initial investigation was conducted to determine 
if meaningful data can be developed through a relatively 
simple laboratory procedure, which is referred to ~s 
"Pre-Emulsifying Technique" by ultrasonification. 
The study was based on a realistic conunercial con-
cept for an emulsion copolymer which might meet and con-
form to actual coatings requirements, meet EPA regulations, 
.and performance characteristics such as tensile and elonga-
tion, minimum film forming temperatures, pigment acceptance, 
scrubbability resistance, and other vital coatings re-
quirements. 
A. Stability of Comonomer Emulsions 
The following water/surfactant/monomer composition(s) 
were subjected to sonification in a Branson Sonifier Cell 
Disruptor, W-350 (20 kHz, supplying up to 350 Watts to the 
converter). The converter is a lead-zirconate-titanate 
electrostrictive element subjected to an alternating 
current which expands and contracts. 
Parts by Weight 
Water .............. . 
Surfactant (100%) .... 
Monomer Blend: 
Styrene ...... 50.0) 
n-Butyl acrylate 50.0) 
Total: 
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48.0 
2.0 
50.0 
100.0 
, t~'\ ·• ·., ... ", .,, 1"'1 , · • ' • 1 • Ti* . , ... ·. ): . . ... . . 
...... ~-.. 
._..: 
.. 
Sonification Procedure: 
Eac~ sample one (1) minute, output of 
7.0 (:energy) % duty cycle - 80% 
After sonification, samples we.re observed for the 
;ate, type and degree of separation and the interesting 
results w~re documented pictorially (_see page 31, pictures 
1, 2, and 3 for the Aerosol series, after 10, 30 and 60 
minutes of standing). 
It was.observed that a definite trend developed with 
the anionic series, namely, that the degree of emulsion 
stability depends upon the CMC (wt. %) of the ·respective 
Aerosol surfactant. Generally, in the range of 0.001 to 
0.07 wt. % CMC, good to excellent emulsi_on stability was 
observed upon prolonged standing (see Table I anc;l Graph 
2. 
Table I 
Sonification Data of Aerosol Based S/BA Emulsions 
:::xn. :.o. 
J..erosol 
r;:.-7c 
"CI'-7.5 
II ;:~-80 
I-(;,_ 
X 
I-1:B I-(C 
X 
X 
"A-1~6 v 
";,,Y-65 X 
II ID-~5 
,; A-26S 
II 22 
" 18 
Stabilit7, a!ter one_(ll_~ir.ute_sor.i!icetion. 
After Star.c.in~ for: ·:C::'"ulsio:1 ~:ebilit-:i 
10 c:ir.utes lCO lCO 100 90 S4 
30 " lCO 100 C 0 0 
EO 100 lCO 0 0 C 
L; hours lCO lCO 0 0 0 
21 II 10() lCO 0 (' C 
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·, 
87.5 1:c 1--1..,1., 
:; lCO , ,.. "" J. ....,\) 
~ 
~L; :co u 
C o~ ..,,::: 1:c 
C E2 .5 , f'" 
--v 
X 
' -" J.v  
,~-
..&.\..\.: 
, ""' ~ ........
l·:: 
l~" 
• ' 'I) ·~ • t .. ' ' • { /. '"1 If• 
).~ . . .. 
Table I Cont'd. 
:::::ulsion 
100 (•Excellent) 
0 (cJ:or.e) 
De[::-ee cf 
~er:;::..:-~:ior., , 
0 
l'.)0 
Pictures Nr. 1, 2 and 3 of the Aerosol series depict 
emulsion stability for the periods of 10, 30 and 60 minutes, 
respectively, as listed above. 
Emulsion stability should ilso.be investigated as a 
function of sctrfactant concentrat~on (below, at and above 
the CMC) . 
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Graph 2. Aerosol Series Ultrasonification Test 
Emulsion Stability/CMC Relationship. 
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~P.t->:•;;, .. 
Series after 
60 minutes standing 
(picture # 3) 
Series after 
30 minutes standing 
(picture #2) 
Series after 
10 minutes standing 
(picture #1) 
--------------------------------- AEROSOL SERIES-------------------------"--------
(after Sonification) 
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Using the same ultrasonification test method as des-
cribed for th~ Aerosol series, nine (9) Igepal CO- sur-
factants wete subjected to sonification and subsequent 
evaluation for emulsion stability; details are reflected 
in Table II. 
Table II 
Sonification Data of Igepal Based S/BA Emulsions 
:C!J2. ;: 0. I;. 2.,~ I-2Il I-2C I-2J I-2 I-2"" :'.°-cG ,. · ..... n ..1.-c .. ~-::.:. 
I~epal Co-
ao X 
.!.:.;0 X 
5;C X 
6~0 X 
710 X 73C X 650 
'" 
~&) 
E~O X 
:-:: 
Stc.bilit~ 2 efte~_one_{~l-~inu:e_so~ificetiori 
:.r:er [t:.:.Cinp;· .!"o:-: !:r.mlsic:: i.ita~ili:, ·• ) 
10 mir.u::es 62.5 100 100 100 100 lOC lCO 1~~ lCO .._;..., 
.30 C (b) 
-100 100 100 100· lCO E7J;;.) ol(a) 75 ( !: ) EO n 0 I 37-5:. 100 100 100 S4 35 75 75 
' I 2 ::ioi.:rs C (I EO(~) lCO l8C 
·/ Sl 7C 62.5 £2. 5 ; 4 II I 0 0 0 100 67.5 81 70 c2.5 c2.5 : 21 II 0 0 I/ 
'(· C 
' 
10_0 87.5 70 E.2.5v 52. 5 .. £2. 5" 
(a) 2 ohase separ_ation 
Co) :; phase separation 
:::.:iµlsion Derree of Stabili tJ i .) Seoara::ioni 
' 100 (•exc~llent) c5 
0 (cnone) 100 
With the nonionic Igepal co~ ~eries, it was observed 
j that a definite trend developed toward good emulsion long-
~/· i 
· range stability and that this is a function of the re-
·Spective HLB of the surfactant; specificallyi in the HLB 
range of 15. 3 - 17. 2, excellent emulsion stability w:as 
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·F I 
!~.-. .,,J, ~ evident; i.e., no separation upon standing for 21 hours. 
f, Below this HLB range, various degrees of separation and 
jt,,j 
·~~· instability were observed. Above the HLB range of 15.3 -
17.2 a phase separation was observed, i.e., two distinct 
phases predominated the upper phase which represented 
the bulk of the emulsion which appeared white, and a 
lower phase which was hazy. 
The pictorial documentation (see pictures 4-9 of the 
Igepal CO- series) is, however, not as clearly illustrative 
as the anionic Aerosol series. The results are further 
highlighted in Graph 3. 
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Series after 
60 minutes standing 
(picture #6) 
Series after 
30 minutes standing 
(picture #5) 
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(picture #4) 
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~ Graph 3. Igepal CO- Series Ultrasonification Test 
Emulsion Stability/HLB Relationship. 
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Using the same ultrasonification test method as 
described for the Aerosol series, none (9) Triton X-
type surfactants wer~ subjected to ultra~onification 
and observed for emulsion stability; details are given 
in Table III. 
Table III 
Sonification Data of Triton Based S/BA Emulsions 
:::<:.T'. :: 0. I-4A l-1..:3 1-l:c . J-.'..J I-4i: J-i.:r l-J.;G J -,1.:J 
'.:'ri tor. ;.-
15 X 
;5 X 
L:5 Y. 
100 X 
1C2 X 
11~ X 
1E5 ::< 
;05 X i.:.o5 
Stebilit;v 1 ~fter_one_(ll_=inute_sonification 
After star.dir.r for: :::!culsion Stabili t'.' 1 
' 10 r:iir.utes ;,7.5 E.2.5 37,5 lCO lCO 100 100 100 
30 " 0 (a) 0 (a) O(e) 100 97(b) si.: (b) 9~ (b) 60('J). 
60 ,, 0 0 0 100 91.. 87,5 87,5 75 
4 hours 0 0 0 100 80 75 75 (;2.;i 
21 " 0 0 0 too 62.5 E.2,5 E2.5 E.2,5 
(a) '.:\:o phase sepRration 
(b) '.l'wo ;ibese se::;:,eretion, pronounced upper phase (white) 
and lower hazy la7er (phase) 
Znulsion Stability, , 
100 (cexcellent) 
Der-ee of Seoa:-2:i0n·, ·~ 
0 (c 'none) 
0 
100 
A similar trend, as observed with the Igepal co-
J:-LJ 
X 
100 
:7o(b) 
E2.5 
E2,5 
62.5 
:jseries, was also evident in the Triton X- series, namely, 
'·"1 
laa pronounced HLB range, 13. 5 - 1 7. 9, in which good emulsion 
:::·· stability was achieved by using the "Pre-eErnulsifying. 
echni~ue". 
As with the Igepal CO- series~ the pic~orial docu-
the Triton X-series (pictures 10-15) is not 
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Series after 
60 minutes standing 
(picture #12) 
Series after 
30 minutes standing 
(picture #11) 
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(picture #10) 
------------------------------- TRITON X- SERIES------------------------------
(after Sonification) 
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as clearly illustrative as with the Aerosol series. 
Graph 4 graphically highlights the emulsion stability 
of this series. 
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B. Batch Emulsion Copolymerization 
A series of bottle polymerizations were conducted as 
follows: 
Emulsion Copolymer Recipe 
Water, distilled and 
deionized 
Monomer Blend 
Styrene 75.0 ) 
n-Butyl Acrylate 75.0 ) 
Surfactant (100%) 
Parts by Weight 
350 grams 
150 
6 
II 
II 
0 • 6 II 
(injected separately) 
Above ingredients were premixed, except for the K2S20s, 
and subjected to the previously described "Pre-Emulsifying 
Technique" using a Branson Sonifier Cell Disruptor, W-350; 
each sample was sonified for one (1) minute at an output 
of 7.0 (energy), duty cycle= 80%. 
Two hundred grams of the sonified emulsion were then 
added to 12-oz. bottles, purged with nitrogen and followed 
by the injection of the K2S208 (fn form of a 2.4% solution 
in distilled water). Tumbling of the bottles was carried 
out in a water bath at 70°C for 24 hours. 
Upon evaluation of the bottle polymerization experi-}}; 
JJments, it became immediately evident that this polymeriza-
_._.., 
method did not result in the homogeneous copolymeriza-
of S/BA. Extremely high levels of coagulum (popcorn-
evident and film draw-downs on glass plates re-
the formation of hazy, brittle and noncontinuous 
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films upon drying. 
c. Semicontinuous Emulsion Copolymerization 
It was therefore decided to conduct free radical acti-
vated polymerizations for the 27 different surfactant ex-
periments. The polymerizations are conducted in a 3-neck 
round bottom flask, fitted with an agitator, condenser 
and addition funnel. The 3-neck flask is placed into a 
water-bath adjusted initially to 60°C. The water, sur-
factant and initiator are added first to the flask, fol-
lowed by addition of 20% of the monomer mixture. After re-
flux reaches the steady state, temperature of the bath is 
raised to 85°C, followed by the addition of the remaining 
monomer continuously over a period of 2 hours. After all 
monomer is added; temperature is held at 85°C for 30 minutes. 
The following emulsion copolymerization recipe was used 
to conduct the 27 different S/BA emulsion copolymer experi-
ments: 
Emulsion Copolymerization Recipe 
for S/BA Copolymer 
Water (distilled, deionized) 
Monomer mixture, 50/50 (S/BA) 
Surfactant (100%) 
Percent Solids= 30.0 
Grams 
350.0 
150.0 
6.0 
0.6 
Sample Size = 500.0 gr. 
After the copolymerization experiments for the 27 dif-
surfactants were completed, a series of evaluations 
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for various physical polymer properties were conducted. 
D. Properties of S/BA Emulsion Copolymers Prepared with 
Aerosol Surfactants 
1. Determination of 1\y, Mn and Mwr-Mu by Gel Permeation 
Chromatography (GPC) 
Upon analyzing the data obtained with the anionic 
i Aerosol series, some highly interesting results and trends 
became evident, namely, that a power-law relationship ex-
' ists between the~ and the CMC (%wt.), especially in 
the range from 18 wt. % to 0.07 wt. % (see Graph 5). As 
the CMC of the anionic Aerosol surfactants decreases from 
18 wt. % to 0.05 wt. %, the~ increases tenfold, i.e., 
from~74,200 ~ to 751,000 Mw, the exception being Aerosol 
TR-70, CMC 0.001 wt. %, which yielded a~ of 164,000. A 
possible explanation for this phenomenon could be the 
molecular structure of this surfactant. The hydrophobic 
portion of Aerosol TR-70 contains 30 carbons as compared 
to 22, 18 and 16 carbons for Aerosols 22, 18 and OT-75 
which yielded the highest~ of this experimental series, 
namely, 751,000, 430,000 and 263,000 Mw, respectively. 
Details are reflected in Tables IV and V and Graph 5. It 
/(is also noteworthy that high copolymer conversion rates 
•?'f1:, 
.;'.~1~ 
:::t~\were achieved with the Aerosol series; of the 9 experi-
:;J~ 
,,ments 6 (six) reached 100% conversion, 1 (one) 99%, 
.,~l (one) 93% and 1 (one) 85% conversion. 
I 
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Table IV 
Physical Properties of Aerosol Surfactants, American Cyanamid Company, 
and S/BA Percent Polymer Conversion Data 
Aerosol 
IB-45 
A-268 
A-196 
AY-65 
TR-70 
MA-80 
OT-75 
18 
22 
Wt. % 
CMC 
18.0 
0.1 
3.6 
0.96 
0.001 
0.95 
0.07 
0.055 
0.05 
60.0 
CD 
10.0 
39 
0.1 
33 
1.5 
3.5 
40 
Sol. in 
Organic 
Phase 
insoluble 
insoluble 
soluble(warm) 
insoluble 
very soluble 
soluble 
very soluble 
insoluble 
insoluble 
*contains two cyclohexane groups. 
No. of 
Na Atoms 
on Surf. 
1 
2 
1 
1 
1 
1 
1 
2 
4 
No. of 
Con 
Hydroph. 
8 
12 
12* 
10 
30 
12 
16 
18 
22 
Min. 
Surface 
Tension 
dyne/cm 
49 
28 
39 
29.2 
26 
27.8 
26 
41 
41 
Polymer 
Conversion 
% Solids 
85 
99 
100 
100 
100 
100 
93 
100 
100 
• 1 ..... 
·Y~ . 
'·, 
,-_\ 
..... ( 
·/ 
.. 
' \ 
Table V 
Weight. and Number Average Molecular Weights for 
Styrene/n-Butyl Acrylate Copolymers Polymerized 
with the Following Anionic Surfactants 
Surfactant Type CMC Wt. % 
Aerosol IB-45 18.0 74,200 26,200 2.84 
II A-268 0.1 75,800 16,800 4.52 
II A-196 3.6 78,000 21,700 3.59 
II AY-65 0.96 114,000 17,400 6.51 
II TR-70 0.001 r 164,000 28,700 5. 70 
II MA-80 0.95 187,000 13,700 13.68 
II OT-75 0.07 263,000 20,600 12.76 
" 18 0.055 430,000 16,000 26.73 
II 22 0.05 751,000 45,000 16.46 
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Table IV 
Physical Properties of Aerosol Surfactants, American Cyanamid Company, 
and S/BA Percent Polymer Conversion Data 
Min. Sol. in No. of No. of Surface Polymer Wt. % Sol. in Organic Na Atoms C on Tension Conversion Aerosol CMC H20, % Phase on Surf. Hydroph. dyne/cm % Solids 
IB-45 18.0 60.0 insoluble 1 8 49 85 
A-268 0.1 CX) insoluble 2 12 28 99 
I A-196 3.6 10.0 soluble(warm) 1 12* 39 100 
""" 
°' I AY-65 0. 96 39 insoluble 1 10 29.2 100 
TR-70 0.001 0.1 very soluble 1 30 26 100 
MA-80 0.95 33 soluble 1 12 27.8 100 
OT-75 0.07 1.5 very soluble 1 16 26 93 
18 0.055 3.5 insoluble 2 18 41 100 
22 0.05 40 insoluble 4 22 41 100 
*contains two cyclohexane groups. 
Table V 
Weight and Number Average Molecular Weights for 
::r~ Styrene/n-Butyl Acrylate Copolymers Polymerized l'l'• 
:i with the Following Anionic Surfactants f 
-t• 
• li} Surfactant Type CMC Wt. % ~ ~ Mw/Mn ·l .•' 
."J~ 
~-Ci 
.. 
:#. 
t Aerosol IB-45 18.0 74,200 26,200 2.84 :, 
.")l. II A-268 0.1 75,800 16,800 4.52 '~~ .i 
:' II A-196 3.6 78,000 21,700 3.59 
:'.f II AY-65 0.96 114,000 17,400 6.51 .·• 
·i . ' 
!:~j II TR-70 0.001 164,000 28,700 5.70 
:·~ 
.~i::. 
MA-80 0.95 187,000 13,700 13.68 . .,,. II . ,, 
~.f~ 
II OT-75 0. 07 263,000 20,600 12.76 
II 18 0.055 430,000 16,000 26.73 
II 22 0.05 751,000 45,000 16.46 
-47-
It is also interesting to note the fact that, as the 
hydrophobic portion of the Aerosols increases, so does 
Example: 
Number of Carbons 
Surfactant in Hydrophobe Mw 
Aerosol IB-45 8 74,200 
Aerosol 22 22 751,000 
The~ data appear to indicate that the 22 carbon 
hydrophobic portion of Aerosol 22 contains the right 
balance between the hydrophobic/hydrophilic portions of 
the surfactant molecule to maximize the Mw within the 
series of experiments conducted in this study. A larger 
carbon chain length of the hydrophobic portion, such as 
in Aerosol TR-70 containing 30 carbons, does not increase 
the~-
It is also important to note that Aerosol 18 and 
Aerosol 22, having 2 and 4 Na atoms, respectively, 1n the 
hydrophilic portion gave the two highest Mw of the series, 
namely, 430,000 and 751,000 M, respectively (see Figs. w 
1 and 2). 
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2. Particle Size Determinations of Aerosol Series by 
Various Methods 
Before particle size determinations were conducted, 
all S/BA emulsion copolymer samples were vacuum stripped 
to remove excess monomer. 
Initial attempts to obtain meaningful micrographs by 
transmission electron microscopy (TEM) were unsuccessful. 
The emulsion polymer particles deformed and fused under 
the electron beam; evidently, the temperature generated 
by the electron beam is above the glass transition temper-
ature (Tg) of the copolymers of this series, which is 
calculated to be -2°C, thus causing particle coalescence. 
A cold stage temperature procedure was also unsuc-
cessful in obtaining satisfactory electron micrographs. 
It was then decided to subject the various S/BA 
emulsion copolymers of this series to electron irradiation 
using the Sherman Fairchild Van de Graaff accelerator 
[13]. Dilute emulsion polymer solutions were prepared, 
i.e., about 0.05 grams of emulsion in 20.0 grams of dis-
tilled water, and irradiated at a level ranging from 20-50 
megarad/min. This energy level was sufficient to in-
tenrally crosslink the emulsion polymer chains and thus 
provide sufficient hardness to resist deformation and 
coalescence during subsequent TEM work. Successful TEM 
micrographs could then be taken. Particle size counts 
and diameter determinations were made by using a Zeiss 
-51-
Analyser; data was fed into a computer for analysis. 
A detailed description of the Sherman Fairchild 
\ 
Van de Graaff Accelerator is found in the Appendix of 
this paper. 
Table VI reflects data which indicates that some 
definite trends and relationships exist between the 
molecular structure of the different anionic Aerosol 
surfactants and their effect upon the weight and number 
average particle size diameters, D and D of S/BA w n 
emulsion copolymers based on these surfactants. 
Similar to the M, the D and the D are also close-w w n 
ly related to the CMC of the respective anionic Aerosol. 
As the CMC decreases, the Dw and the Dn of the emulsion 
particle decrease. 
Example: 
CMC 
Surfactant Wt. % 
Aerosol IB-45 18 
Aerosol 22 0.05 
(See Figures 3 & 4.) 
Dw 
(nm) 
340.5 
61.9 
D 
n 
(nm) 
343.9 
67.5 
This Dw trend is inversely related to the observed 
M trend, namely, as the D decreases the M increases 
w w w 
(initiator and emulsifier concentration remaining con-
stant); the Dw and Mw behavior observed in this series of 
-52-
Table VI 
Weight and Number Average Particle Size Diameter 
for Styrene/n-Butyl Acrylate Copolymers Polymerized 
with the Following Anionic Surfactants, 
Obtained by Electron Microscopy (TEM) 
Surfactant Type CMC Wt. % D D Dw/Dn w n 
(nm) (nm) 
Aerosol IB-45 18.0 340.5 343.9 1. 010 
II A-268 0.1 164.3 170.6 1. 038 
II A-196 3.6 116.3 122.7 1. 055 
II AY-65 0.96 103.7 111. 0 1. 071 
II TR-70 0.001 381. 4 546.2 1. 432 
II MA-80 0.95 74.4 79.7 1. 071 
II OT-75 0.07 47.0 54.7 1.164 
II 18 0.055 65.4 72.0 1.101 
II 22 0.05 61.9 67.5 1.089 
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experiments is in agreement with established emulsion 
polymerization theories (Smith-Ewart). 
Some TEM rnicrographs revealed some unexplained back-
ground material (or conceivably fine particles) which are 
substantially smaller than the bulk of the visible 
particles. On some of the TEM micrographs, Figure 5, 
Aerosol MA-80, these extremely small particles are dis-
tinctly evident. It is conceivable that these fine 
AEROSOL MA-80 
Figure 5. TEM Micrograph, 28K, 50 megarad 
irradiation containing back-
ground material. 
particles were produced at a late stage in the polyrneriza-
tion process. At 50-80% conversion, the monomer droplets 
completely disappear leaving the monomer swollen polymer 
-55-
•. 
particles and some monomer solubilized in the aqueous 
phase. The mode of initiation of these fine particles 
would occur in the aqueous phase. After nucleation, 
these particles could be stabilized by the adsorption of 
emulsifier and thus prevent flocculation with the much 
larger crop of primary particles formed in the initial 
stage of polymerization. Since n-butyl acrylate is more 
soluble in water than styrene, the composition of these 
fine particles should contain a higher percentage of 
n-butyl acrylate than that of the bulk particles. Con-
firmation of this would verify the assumption of initia-
tion in the aqueous phase. A well designed investigation, 
attempting to explain this phenomenon, would prove highly 
interesting. 
A second method of particle size analysis was con-
ducted, namely, that by light scattering and using a 
Brice Phoenix Light Scattering Photometer. Solutions of 
0.01% emulsion polymer solids in distilled water were 
prepared. For particles below 0.2 µm the dissymmetry 
method of light scattering was used. The two angles are 
45° and 135° and the tables used are "Table of Dissym-
metry and Correction Factors for Use in Light Scattering" 
(by Booth). For two samples, Aerosol IB-45 and TR-70, 
the particle size was over 0.2 µm; therefore, dissymmetry_ 
is not applicable. The forward angle ratio method of 
-56-
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light scattering was used to evaluate these two ,$amples. 
Results of the light scattering particle size di-
ameters DLS were compared to those obtained by TEM and 
data are reflected in Table VII, which also includes the 
equations which were used for conversion. Correlation 
of particle diameters of the S/BA Aerosol-based copolymer 
series, for both light scattering and TEM, is acceptable 
with the exception of Aerosol TR-70. 
A third method of particle size analysis was em-
ployed, namely, that by hydrodynamic chromatography (HOC) 
[25-27]. Diluted S/BA emulsion polymer samples were pre-
pared, concentration 0.01% solids in a sodium lauryl sul-
fate solution. Samples are injected into a packed column; 
the elution volume being measured in comparison to a 
standard marker of known particle size. Data were ana-
lyzed through the use of a computer program. Details are 
reflected in Table VIII. Again, highly acceptable re-
sults were obtained in comparison to the TEM results. 
Table IX highlights the gross effect and importance 
of the molecular structure of the Aerosol surfactants on 
such vital physical emulsion properties as particle size 
and particle size distribution. The number of particles 
per cm3 and surface area in m2/cm3 of the various emulsion 
polymers were calculated and are given below. Comparing 
Aerosol IB-45 and Aerosol 22 as well as Aerosol OT-75, a 
-57-. 
Table VII 
Comparison of Particle Size Diameters Obtained 
by Electron Microscopy (TEM) and Light Scattering 
(Dissymmetry and Forward Angle Ratio) for 
Styrene/n-Butyl Acrylate Copolymers Polymerized 
with the Following Anionic Surfactants 
Surfactant Type 
Aerosol IB-45 
II A-268 
II A-196 
II AY-65 
II TR-70 
II MA-80 
II OT-75 
II 18 
II 22 
* = Light scattering 
I45/I/35 
b = blue filter 
green II g = 
r = red II 
y = yellow 11 
Converted TEM Values 
by 
DLS 
(nm) 
324.8* y 
166.9r 
123.4g 
105.4g 
456.3* 
r 
79.5r 
62.5b 
63.lb 
86.lg 
forward 
-58-
DLS-1 
(nm) 
345.8 
172.8 
124.5 
113.8 
610.8 
81.l 
57.4 
74.1 
69.3 
DLS-2 
(nm) 
348.9 
178.2 
128.8 
113.2 
712.9 
84.7 
64.3 
79.3 
73.l 
angle ratio method 
Table VII Contd. 
( 
6 )1/3 Ln.D. 
_ 1 1 
3 
'°"n. D. L.J 1 1 
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Table VIII 
Comparison of Average Particle Size Diameters 
Obtained by Electron Microscopy (TEM) and 
Hydrodynamic Chromatography (HDC) for 
Styrene/n-Butyl Acrylate Copolymers 
Polymerized with the Below Aerosols 
HDC TEM 
Surfactant Type D D 
(nm) (nm) 
Aerosol IB-45 330.0 341. 6 
II A-268 162.0 166.4 
II A-196 150.0 118.5 
II AY-65 120.0 106.2 
II TR-70 250.0 432.4 
II MA-80 86.0 76.3 
II OT-75 66.0 49.7 
II 18 72.0 67.6 
II 22 97.0 63.8 
D(TEM) 
Table IX 
Number of Particles Per cm3 of Latex, 30% Solids, 
and Sur~ace Area for the Same Number of Particles 
Per cm for Styrene/n-Butyl Acrylate Copolymers 
Polymerized with the Following Anionic 
Surfactants 
Number of Particles Surface Area, m2 
Surfactant ~ cm3 of latex cm3 of latex 
Aerosol IB-45 1. 22 X 10 13 4.46 
II A-268 1.05 X 1014 9.02 
II A-196 2.93x10 14 12.69 
II AY-65 4.05 X 1014 14.01 
II TR-70 6.01 X 1012 3.12 
II MA-80 1.10 X 10 15 19.67 
II OT-75 3.95 X 1015 2 9. 03 
II 18 1. 57 X 1015 21. 80 
II 22 1. 87 X 1015 23.28 
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5.2- and 6.5-fold increase in surface area is evident; 
i.e., IB-45 vs. 22 and IB-45 vs. OT-75, respectively. 
The tremendous difference in pigment binding power be-
tween Aerosol IB-45 and OT-75 is one example highlight-
ing this difference. 
A calculation was made to relate emulsifier concen-" 
tration to the total surface area. Syed Mahmood Ahmed 
[20) measured the molecular area of Aerosol MA-80 and 
Aerosol OT-75 on the polystyrene particle-water interface. 
The values are 39 i 2 and 100 i 2, respectively. The 
molecular areas of Aerosol IB-45 and Aerosol AY-65 are 
assumed to be that corresponding to Aerosol MA-80 due 
to the similar chemical structure of the surfactant. The 
molecular areas of Aerosol A-196 and Aerosol TR-70 are 
assumed to be that of Aerosol OT-75 based on the reason 
stated above. The other Aerosol surfactants have only 
any hydrophobic chain in the molecule; thus the molecular 
area is assumed to be that corresponding to sodium lauryl 
sulfate adsorbed on the surface of the polystyrene-
particle-water interface, 43 A2 [20). In Table X, a 
comparison of surface areas is made, one based on the 
particle diameter and t~e other from surfactant coverage, 
based on the initial amount of surfactant added to the 
system. From this it is seen that only three emulsions 
have saturated surfaces of emulsifier, all other latexes 
are sparsely covered·with emulsifiers. Further detailed 
experiments are required and planned in future work to 
-62-
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Table X 
A Comparison of the Surface Areas, One Based on the Particle Diameter and 
the Other from Surfactant Coverage, Based on the Initial Amount of 
Surfactant Added to the System for Styrene/n-Butyl Acrylate 
Copolymers Polymerized with the Following Anionic 
Surfactants 
(from surfactant (from particle 
coverage) diameter) 
Moles of Surfactant Surface Area, 2 Surface Area, Surfactant Type M.W. m 
cm3 3 3 of 5atex cm of latex cm of latex X 10 
Aerosol IB-45 332 3.92 9.20 4.46 
fl A-268 382 3.40 8.82 9.02 
fl A-196 384 3.39 20.40 12.69 
fl AY-65 360 3.61 8.46 14.01 
fl TR-70 584 2.23 13.40 3.12 
II MA-80 388 3.35 7.88 19. 6 7 
II OT-75 444 2.93 17.60 29.03 
fl 18 493 2.64 6.84 21.80 
II 22 653 1.99 5.16 23.28 
2 
m 
/ 
investigate these phenomena. 
E. Properties of S/BA Emulsion Copolymers Prepared with 
Igepal Surfactants 
1. Mw, Mn, and ~/M0 Determinations of Igepal CO Based 
S/BA Emulsion Copolymers by Gel Permeation Chroma-
tography (GPC) 
The nonionic Igepal CO based S/BA emulsion copolymers 
resulted in considerably lower conversions than the anionic 
Aerosol series. The molecular structure of the nonionic 
surfactant appears to be of great importance depending on 
level of ethylene oxide to nonyl phenol, i.e., bulk of the 
hydrophilic to the hydrophobic portion of the surfactant. 
As the percent or mole ratio of the ethylene oxide, thus 
the HLB of the surfactants increase (see Table XI, Igepal 
co~sso, C0-880 and C0-890) 70%, 90% and 92% conversion 
rates are achieved. 
Table XII gives some interesting results, namely, that 
a definite linear relationship exists between the HLB and 
the log of the r\, in the S/BA series of emulsion polymers 
based on the Igepal CO surfactants which were used in these 
experiments; see Graph 6. As the HLB of the nonionic Ige-
pal CO's increases from 4.6 to 17.8 HLB, the Mw increases 
from 34,700 to 782,000 r\, (see Figs. 6 & 7), with the ex-
ception of Igepal C0-850 (HLB = 16. 0) which yielded a Mw 
of 67,000. Mn and Mw/Mn are also dependent upon the HLB in 
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Table X 
A Comparison of the Surface Areas, One Based on the Particle Diameter and 
the Other from Surfactant Coverage, Based on the Initial Amount of 
Surfactant Added to the System for Styrene/n-Butyl Acrylate 
Copolymers Polymerized with the Following Anionic 
Surfactant Type M.W. Moles 
cm3 
Aerosol IB-45 332 
II A-268 382 
II A-196 384 
II AY-65 360 
II TR-70 584 
II MA-80 388 
II OT-75 444 
II 18 4 93 
II 22 653 
Surfactants 
of Surfactant 
X 
of 5atex 10 
3.92 
3.40 
3.39 
3.61 
2.23 
3.35 
2.93 
2.64 
1.99 
(from surfactant 
coverage) 
2 Surface Area, m 
3 
cm of latex 
9.20 
8.82 
20.40 
8.46 
13.40 
7.88 
17.60 
6. 8 4 
5.16 
(from particle 
diameter) 
Surface Area, 
3 
cm of latex 
4.46 
9.02 
12.69 
14.01 
3.12 
19. 6 7 
29.03 
21.80 
23.28 
2 
rn 
-,· 
-
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investigate these phenomena. 
E. Properties of S/BA Emulsion Copolymers Prepared with 
Igepal Surfactants 
1. Mw, Mn, and ~/Mn Determinations of Igepal CO Based 
S/BA Emuls~on Copolymers by Gel Permeation Chroma-
tography (GPC) 
The nonionic Igepal CO based S/BA emulsion copolymers 
resulted in considerably lower conversions than the anionic 
Aerosol series. The molecular structure of the nonionic 
surfactant appears to be of great importance depending on 
level of ethylene oxide to nonyl phenol, i.e., bulk of the 
hydrophilic to the hydrophobic portion of the surfactant. 
As the percent or mole ratio of the ethylene oxide, thus 
the HLB of the surfactants increase (see Table XI, Igepal 
C0-850, C0-880 and C0-890) 70%, 90% and 92% conversion 
rates are achieved. 
Table XII gives some interesting results, namely, that 
a definite linear relationship exists between the HLB and 
the log of the~ in the S/BA series of emulsion polymers 
based on the Igepal CO surfactants which were used in these 
experiments; see Graph 6. As the HLB of the nonionic Ige-
pal CO's increases from 4.6 to 17.8 HLB, the~ increases 
from 34,700 to 782,000 ~ (see Figs. 6 & 7), with the ex-
ception of Igepal C0-850 (HLB= 16.0) which· yielded a~ 
of 67,000. Mn and .Mw/Mn are also dependent upon the HLB in 
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Igepal 
co-
C0-210 
I 
O'I C0-430 
lJ1 
I 
C0-530 
C0-630 
C0-710 
C0-730 
C0-850 
C0-880 
C0-890 
' ,;~, _..: .. ,, '"' .... ' _... . .,._. ~: . \" ,. 
Table XI 
Physical Properties of Igepal co- Surfactants, GAF Corporation, 
and S/BA Percent Polymer Conversion Data 
Surface Interf. 
Tension Tension 
Mole Ratio 0.01 % Sol. 0.01 % Sol. Spread. Polymer S/BA % Ethylene "n II dynes/cm dynes/cm Coeff.25°C Conversion HLB Oxide E.O. dist.H 20 Rel.Nujol ergs/cm2 % Solids 
4.6 23 1 .-5 ins. ins. ins. 55 
8. 8 44 4.0 ins. ins. ins. 60 
10.8 54 6.0 28 5 
-3 59 
13.0 65 9.0 31 5 
-6 64 
13.6 68 10-11 32 6 
-8 62 
15.0 75 15.0 36 7 
-12 59 
16.0 80 20 39 15 -24 70 
17.2 86 30 43 17 
-30 90 
17.8 89 40 92 
._,_ 
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Table XII 
Weight and Number Average Molecular Weights for Styrene/n-Butyl Acrylate Copolymers Polymerized 
with Following Nonionic Surfactants~ 
Surfactant Type HLB 
Igepal C0-210 4. 6 
" C0-430 8. 8 
" C0-530 10.8 
" C0-630 13.0 
" C0-710 13.6 
II C0-730 15.0 
" C0-850 16.0 
" C0-880 17.2 
II C0-890 17.8 
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M 
w 
34,700 
59,100 
80,600 
77,600 
123,000 
355,000 
67,000 
709,000 
782,000 
M 
n 
12,600 
20,300 
28,600 
28,700 
38,900 
47,900 
26,300 
48,800 
60,100 
M /M 
w n 
2.75 
2. 91 
2.81 
2. 70 
3.18 
7.42 
2.55 
14.52 
13.02 
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Graph 6. Weight Average Molecular Weight, Mw, 
Versus HLB Value for Styrene/n-Butyl 
Acrylate Copolymers Polymerized with 
Igepal CO- Surfactants. 
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this Igepal CO series; both values increased as the HLB 
value increased. 
2. Particle Size Determinations of Igepal CO- Series 
In order to sufficiently harden the S/BA emulsion 
particles, it was necessary to subject all Igepal CO-
based experiments to a 100 megarad irradiation level 
using the Sherman Fairchild Van de Graaff accelerator. 
Successful TEM micrographs could then be taken. 
Table XIII lists the results obtained by TEM and 
Zeiss Analyser; data is computer analyzed. Similar trends, 
as observed with the anionic Aerosol series, were ob-
served for the Igepal CO- series, namely, the existence 
of a relationship between the HLB of the respective non-
ionic surfactants and the Dw and Dn· As the HLB increases 
the Dw and Dn of the S/BA emulsion copolymer particles 
decrease, with the exception of experiments in the 4.6 -
8.8 HLB range (see Figs. 8 & 9). 
Example: 
Surfactant HLB Dw 
(nm) 
Igepal C0-210 4.6 490.8 
Igepal C0-890 17.8 118.8 
Dn (nm) 
403.3 
98.5 
The Dw trend of the Igepal CO- series is inversely 
related to the observed Mw, namely, as the Mw increases 
-70-
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Table XIII 
Weight and Number Average Particle Size Diameters for S/BA Copolymers Polymerized with the 
Following Nonionic Surfactants, 
Obtained by Electron Microscopy (TEM) 
surfactant Type HLB 
Igepal C0--210 4.6 
II C0-430 8. 8 
II C0-530 10. 8 
II C0-630 13.0 
II C0-710 13.6 
II co-730 .15.0 
II C0-850 16.0 
II C0-880 17.2 
II C0-890 17.8 
15w 
(run) 
4 90. 8 
428.4 
966. 7 
645.6 
609.6 
253.0 
476.6 
156. 3 
118.8 
D 
n 
(run) 
403.3 
296.4 
600.4 
631.2 
601.5 
204. 9 
418.2 
136.2 
98.5 
o /D w n 
1. 21 7 
1.445 
1.610 
1. 023 
1. 013 
1. 235 
1.140 
1.14 7 
1. 206 
Note: The trend for the decrease in particle size 
of S/BA emulsion copolymers is particularly 
evident for this s~ries starting with Igepal 
C0-530 to Igepal C0-890 . 
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1. 0 µm 
IGEPAL C0-210 
Figure 8. TEM Micrograph, 7.8K, 100 megarad irradiation . 
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the D decreases (initiator and emulsifier concentration w 
remaining constant). The D and M behavior observed 
w w 
with the Igepal CO series is in agreement with established 
emulsion polymerization theories (Smith-Ewart). 
A comparison of particle size diameters obtained by 
TEM and light scattering (dissymmetry and forward angle 
ratio) was not made for the Igepal CO- based S/BA co-
polymer emulsion series. 
Table XIV lists the calculated number of particles 
cm
3 
of latex and the surface area m2/cm3 of latex. A 4.3-
fold increase in surface area between S/BA copolymer based 
on Igepal C0-210 (3.23 m2/cm3) and Igepal C0-890 (13.84 
m2/cm3) is observed. The very pronounced difference in 
surface area between the Aerosol and Igepal CO series is 
noteworthy, especially when comparing Aerosol 22 and 
Igepal C0-890, both of which yield >750,000~, differ-
ing greatly, however, in surface area, i.e., 23.28 m2/cm3 
for Aerosol 22 and 13.84 m2/cm3 for Igepal C0-890. 
In order to correlate the emulsifier concentration 
to the total surface area, it was necessary to assume a 
molecular area for the nonionic emulsifier. Adsorption 
_studies conducted by Maqsood Syed Ahmed [ 21] using a non-
ionic emulsifier, Tritqn X-100, on polystyrene revealed 
02 
a molecular area of 50.6 A. Triton X-100 is an octyl 
phenol-ethylene oxide adduct, which is very similar in 
structure to the Igepal CO-series, being nonyl phenol-
ethylene oxide adducts. Since adsorption of the emulsifier 
-73-
Table XIV 
Number of Particles Per cm3 of Latex, 30% Solids, 
and Surface Area for the Same Number of Particles 
Per cm3 for Styrene/n-Butyl Acrylate Copolymers 
Polymerized with the Following Nonionic Surfactants 
Surfactant Type 
Igepal C0-210 
II C0-430 
II C0-530 
II C0-630 
II C0-710 
II C0-730 
II C0-850 
II C0-880 
II C0-890 
Number of Particles 
3 
cm of latex 
5.83 X 10 12 
1. 29 X 10 13 
1.37 X 10 12 
1.89 X 10 12 
2.20 X 10 12 
4.38 X 1013 
5. 90 X 10 12 
1. 72 X 10 14 
4.32x1014 
-74-
Surface Area, m2 
3 
cm of latex 
3.25 
4.02 
1.83 
2.38 
2.51 
6.34 
3.36 
10.38 
13.84 
takes place through the hydrophobic portion of the molecule, 
nonyl phenol, it is assumed that the molecular area of 
Triton X-100 applies to the whole Igepal CO-series. Table 
XV shows a comparison of the surface area calculated from 
the particle diameter and surface area based on the initial 
amount of emulsifier and molecular area of the emulsifier. 
The emulsions prepared using Igepal C0-210 through Igepal 
C0-710 appear to have saturated surfaces of emulsifier on 
the polymer particle, but emulsions using Igepal C0-730 
through Igepal C0-890 appear unsaturated or sparsely covered. 
This could possibly be explained by a different mechanism of 
initiation, other than initiation in monomer swollen micelles. 
F. Properties of S/BA Emulsion Copolymers Prepared with 
Triton Surfactants 
1. Mw, Mn, and Mw/~ Determinations of Triton X Based 
S/BA Emulsion Copolymers by Gel Permeation Chroma-
tography (GPC) 
The nonionic Triton X based series of the synthesized 
S/BA emulsion copolymers also resulted in considerably 
lower conversions than was achieved with the anionic AERO-
SOL surfactants; highest conversion rates are obtained with 
Triton X-305 and Triton X-405 which have the highest per-
cent ethylene oxide content of this series. The molecular 
structure of the Triton surfactants appear to have an even 
greater effect upon the~ than the Igepal CO surfactants 
within the same HLB range. 
-75-
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Table XV 
A Comparison of the Surface Areas, One Based on the Particle Diameter and the Other from Surfactant Coverage, Based on the Initial Amount of Surfactant Added to the System for Styrene/n-Butyl Acrylate Copolymers Polymerized with the Following Nonionic Surfactants 
(from surfactant (from particle 
coverage) diameter) 
Surfactant Type M.W. Moles of Surfactant Surface Area, rn2 Surface Area, 3 3 3 cm of ~atex cm of latex cm of latex 
X 10 
Igepal C0-210 243 5.35 16.29 3.25 
II C0-430 397 3.27 9.97 4. 0 2 
II C0-530 485 2.68 8.15 1.83 
II C0-630 617 2.11 6.43 2.38 
II C0-710 683 1.90 5.77 2.51 
" C0-730 881 1.48 4.51 6.34 
" C0-850 1,101 1.18 3.59 3.36 
" C0-880 1,541 0.844 2.57 10.38 
" C0-890 1,981 0.656 2.00 13.84 
rn2 
Table XVI lists the HLB, % E.O., mole ratio E.O. and 
surface tension of the Triton X surfactants used, as well 
as the% conversion rates achieved; and the resultant 'f\v, 
~' and~/~ are reflected in Table XVII. Contrary to 
the observed linear relationship that exists between the 
HLB and the log of the Mw for the Igepal CO series, there 
is no increasing trend in~ evident for the Triton X 
series as the HLB of the respective surfactant increases; 
i.e., Triton X-15, (HLB 3.6, 18% ethylene oxide) Mw 67,200 
and Triton x~305, (HLB 17.3, 87% ethylene oxide) ~ 68,500. 
A very dramatic increase in~ is observed for the Triton 
X-405 experiment which is about 7X greater than all of 
the polymers within the Triton X-15 to Triton X-305 ex-
periments. (See Graph 7 and Figures 10 and 11.) 
... ' ' ·.,. .. •.:, :,~ t,.• ,, . 
Table XVI 
Physical Properties of Triton x- Surfactants, Rohm and Haas Company, 
and S/BA Percent Polymer Conversion Data 
Surface Interf. 
Mole Tension Tension 
% Ratio 0.01%Sol. 0.01%Sol. Polymer S/BA Triton Ethylene II n 11 dist.H 20 Rel.Oil Conversion x- HLB Oxide E.O. dynes/cm dynes/cm % Solids 
I X-15 3. 6 18.0 1 . 0 ins. ins. 40.0 -..J CX) 
I X-35 7. 8 39 3.0 29 22.5 49.0 
X-45 10.4 52 5.0 29 14. 5 54.0 
X-114 12.4 62 7. 6 30 11 . 5 60.0 
X-100 13.5 68 9. 9 31 10.0 57.0 
X-102 14.6 73 12.6 32 13.0 60.0 
X-165 15.8 79 1 7. 5 33 11 . 5 65.0 
X-305 17.3 81 31. 1 38 9.0 83.0 
X-405 1 7. 9 90 41.8 48 15.0 89.0 
,· 
r 
Table XVII 
Weight and Number Average Molecular Weights for 
Styrene/n-Butyl Acrylate Copolymers Polymerized 
with the Following Nonionic Surfactants 
Surfactant Type HLB Mw ~ M /M w n 
Triton X-15 3.6 67,200 19,200 3.49 
II X-35 7. 8 54,800 20,000 2.75 
II X-45 10.4 67,000 23,000 2.81 
II X-114 12.4 74,900 28,000 2.68 
II X-100 13.5 68,900 27,000 2.55 
II X-102 14.6 62,400 24,600 2.54 
II X-165 15'. 8 52,300 21,500 2.43 
II X-305 17.3 68,500 27,200 2.52 
II X-405 17.9 450,000 44,200 10.17 
·-79-
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Figure 11. Effect of Triton X-405 upon S/BA Ernul.sion Copolymer 
Molecular W~ight Distribution. 
c--
2. Particle Size Determinations of Triton X- Series 
Successful TEM micrographs could be taken only after 
the emulsion particles of the Triton X series were hardened 
at a 100 megarad irradiation level using the Sherman 
Fairchild Van de Graaff Accelerator. 
Table XVIII reflects the results obtained by TEM, 
Zeiss Analyser and computer analysis. The particle size 
trend for the Triton X experiments is similar to the trend 
observed for the Igepal CO- series; as the HLB increases 
the Ow and Dn of the S/BA emulsion copolymer particles 
decrease. This particle size trend for decreasing parti-
cle size is particularly evident for the Triton series 
X-45 to X-405, i.e., from 10.4 to 17.9 HLB. range. Triton 
X-15 and X-35 are the exceptions to this observed µarticle 
size trend. 
Example: 
Surfactant 
Triton X-15 
Triton X-35 
Triton X-45 
HLB 
3.6 
7.8 
10.4 
ow 
(nm) 
537.6 
657.6 
1563.4 
Triton X-102, X-100, X-165, X-305, 
based S/BA emulsion copolymers de-
crease in particle size to: 
Triton X-405 17.9 
See Figures 12 and 13. 
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Table XVIII 
Weight and Number Average Particle Size Diameters 
for S/BA Copolymers Copolymerized with the 
Following Nonionic Surfactants, Obtained 
by Electron Microscopy (TEM) 
Surfactant HLB Dw D nw/i\ n 
(run) (nm) 
Triton X-15 3.6 537.6 520.4 1. 033 
II X-35 7.8 657.6 519.5 1.266 
II X-45 10.4 1563.4 1172.6 1. 333 
II X-114 12.4 652.4 631. 8 1 . 0 3 3 
II X-100 13.5 1007.7 962.4 1.047 
II X-102 14.6 726.4 666.7 1.090 
II X-165 15.8 387.7 367.0 1. 056 
II X-305 17.3 212.9 206.4 1. 032 
II X-405 1 7. 9 161. 6 148.6 1. 088 
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TRITON X-15 
Figure 12. TEM Micrograph, llK, 20 
megarad irradiation. 
TRITON X-405 
Figure 13. TEM Micrograph, 22K, 100 
megarad irradiation. 
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0.5 wm 
No inverse relationship appears to exist between the 
-
Dw and~ of the Triton X- based experiments; this is 
especially noticeable in the HLB range of 3.6 to 17.3 
where the~ of the S/BA emulsion copolymers remained w 
low. 
Table XIX lists data pertaining to number of particles/ 
cm3 of latex and surface area, m2/cm3 of latex. 
Table XX shows a comparison of the surface area cal-
culated from the particle diameter and surface area based 
on the initial amount of emulsifier, assuming that the 
02 
molecular area of adsorption is 50.6 A. The reasons for 
this assumption were made earlier in this text. The 
emulsions prepared using Triton X-15 through Triton X-165 
appear to have saturated surfaces of emulsifier, but 
emulsions using Triton X-305 and Triton X-405 have un-
saturated surfaces of emulsifier. This trend is very 
similar to that observed for the Igepal CO- series. 
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Table XIX 
Number of Particles Per cm3 of Latex, 30% Solids, 
and Sur5ace Area for the Same Number of Particles 
per cm for Styrene/n-Butyl Acrylate Copolymers 
Polymerized with the Following Nonionic 
Surfactants 
Surfactant Number of Particles 
cm
3 
of latex 
Surface Area, m2 
3 
cm of latex 
Triton X-15 3.32xlo 12 2.86 
II X-35 2.59x10 12 2.45 
II X-45 2.03xlo 11 1. 02 
II X-114 l.86xlo 12 2.36 
II X-100 5.17 x·10 11 1. 53 
II X-102 1.47 X 1012 2.14 
II X-165 9.38 X 10 12 4.03 
II X-305 5.36 X 101 3 7.24 
II X-405 1.36 X 10 14 9. 6 9 
-87-
I 
co 
co 
I 
·: .. • / ~ ·:-.:. 
...... ,:;.,':.;., -:~ . ' .... .:._v.·-·'.c--·- ··.,, .. ~.-~ .. 
Table XX 
A Comparison of the Surface Areas, One Based on the Particle Diameter and 
the Other from Surfactant Coverage, Based on the Initial Amount of 
Surfactant Added to the System for Styrene/n-Butyl Acrylate 
Copolymers Polymerized with the Following Nonionic 
Surfactants 
(from surfactant (from particle 
coverage) diameter) 
Surfactant Type M.W. Moles of Surfactant Surface Area, m2 Surface Area,m 2 
cm 3 3 3 of latex cm of latex cm of latex 
X 10 5 
Triton X-15 250 5.20 15.84 2.86 
" X-35 338 3.85 11.74 2.45 
" X-45 426 3.05 9.31 1. 0 2 
" X-114 540 2.41 7.34 2.36 
" X-100 642 2.02 6. 1 7 1.53 
" X-102 76 0 1.71 5.21 2.14 
" X-165 976 1.33 4.05 4.03 
" X-305 1,574 0.826 2. 51 7.24 
" X-405 2,045 0.636 1. 94. 9.69 
, .. 
·-· 
G. Comparison of Molecular Weight Data Obtained by GPC with 
the Smith-Ewart Theory (Case 2, n - 0.5) and the Modified 
Smith-Ewart Theory 
Case 2 of the .Smith-Ewart Theory (n - 0.5) was found 
to be a satisfactory model for styrene emulsion polymer-
ization. The equations for the rate of polymerization and 
degree of polymerization are given below: 
where 
k p 
[M] 
N 
p 
R = p 
= the 
= the 
k [M] N p 
2 
rate constant 
__ kp [M] N 
DP 
p 
for propagation 
monomer concentration in the 
particles 
= the number of particles 
= the rate of radical generation 
Since the copolymer of this experimental series con-
tains ~0/50 weight% styrene and n-butyl acrylate, 
value of kp was assumed to be 1 120 liter the 
' mole-sec ' 
of the k 's p for the two homopolymers, 145 liter mole-sec 
the 
average 
and 
2100 liter 
mole-sec styrene and n-butyl acrylate, respectively. 
The rate of radical generation was calculated by using the 
following data: half-life of the potassium persulfate 
[19], temperature of decomposition, initial amount of 
potassium persulfate and time of decomposition; see follow-
ing equation. 
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initial 
quantity x O · 5 
time period 
half life 
= 
quantity at end 
of time period 
The quantity was multiplied by two since, for every mole-
cule of potassium persulfate, two sulfate free radicals 
are formed; therefore, at 60°C p = 6.27 x 10-Bm __ o_l_e __ _ 
liter-sec 
and at 85°C n 7 2 9 x 10- 7 m-=--,-o_l_e __ ~ = · liter-sec The number of 
particles, N, comes from previous calculations in the text 
of this report, namely, for the Aerosol series, see Table 
IX; the Igepal series, see Table XIV; and the Triton 
series, see Table XIX. Since the number average molecular 
weight of the polymer is related to the number average 
degree of polymerization, through the following expression: 
· DP 
n 
I 
where M0 is the molecular ~eight of the monomer (which 
equals 116~the molecular weight of styrene plus n-butyl 
acrylate divided by two), a direct comparison can be made 
to the experimental results. The number average molecular 
weight obtained by GPC can be compared to the number 
average molecular weight as predicted by the Smith-Ewart 
Theory (Case 2) for S/BA copolymers and the results are 
reflected in Tables XXI - XXIX. 
For any of the three experimental series (Aerosol, 
Igepal and Triton surfactants), the value of [M) ranges 
mole 
from 6 liter to 0.0156 m~le in order to approach the liter 
-90-
Table XXI 
A Comparison of the Theoretical ~ Values as Calculated from Smith-Ewart, Case 2 and Experimental M Values from the Aerosol Based Series at 85°C n 
[M] m<;>les 5 0.5 0.25 0.125 0.0625 0.0312 0.0156 M X 10- 3 liter 
10- 3 n M X (GPC) n Surfactant 
Aerosol IB-45 18.3 1.83 0. 915 0.457 0.229 0.114 0.057 26.2 
II A-268 156.0 15.6 7.80 3.90 1.95 0.975 0.488 16. 8 
I 
~ 
II I-' A-196 436 43.6 21.8 10.9 5.45 2.73 1.36 21. 7 
I 
.... II AY-65 600 60.0 30.0 15.0 7.50 3.75 1.88 1 7. 4 II TR-70 9.00 0.900 0.450 0.225 0.113 0.0563 0.0281 2 8. 7 II MA-80 1630 163 81.6 40.8 20.4 10.2 5.10 13. 7 II OT-75 5860 586 293 146 73.2 36.6 18.3 20.6 II 18 2340 234 117 58.4 29.2 14.6 7.30 16.0 II 22 2780 278 139 69.6 34.8 1 7. 4 8.70 45.0 
I 
I..O 
N 
I 
Table XXII 
A Comparison of the Theoretical~ Values as Calculated from Smith-Ewart, 
Case 2 and Experimental M Values from the Igepal Based Series at 85°C n 
[M]m<?les 
liter 
Surfactant 
Igepal C0-210 
II 
II 
II 
II 
II 
II 
II 
II 
C0-430 
C0-530 
C0-630 
C0-710 
C0-730 
C0-850 
C0-880 
C0-890 
6 
10.S 
23.0 
2.44 
5 
8.75 
19. 2 
2.03 
4 
7.00 
15.4 
1.62 
3.49 2.91 2.33 
3.83 3.19 2.55 
78.0 65.0 52.0 
10.5 8.75 7.00 
307 256 205 
769 641 513 
3 2 
5.25 
11. 5 
1.22 
1.75 
1. 9 2 
39.0 
5.25 
154 
385 
3.50 
7.68 
0.812 
1. 16 
1. 2 8 
26.0 
3.50 
102 
256 
1 
1.75 
3.84 
0.406 
0. 5 
0.875 
1. 9 2 
0.203 
0.582 0.291 
0.638 0.319 
13.0 6.50 
1.75 0.875 
51.2 25.6 
128 64.1 
~ X 10- 3 
(GPC) 
12. 6 
20.3 
28.6 
28.7 
3 8. 9 
47.9 
26.3 
48.8 
60.1 
·-
I 
I.O 
w 
I 
Table XXIII 
A Comparison of the Theoretical M Values as Calculated from Smith-Ewart, 
n 
Case 2 and Experimental M Values from the Triton Based Series at 85°C n 
[M]m<;>les 
liter 
Surfactant 
Triton X-15 
" X-35 
" X-45 
" X-114 
" X-100 
" X-102 
" X-165 
" X-305 
" X-405 
6 
5.93 
4.53 
0.348 
3.49 
1.04 
2.79 
16.7 
95.4 
242 
2 1 
1. 98 0.988 19. 2 
1.51 0.755 20.0 
0.116 0.0580 23.0 
1.16 0.582 28.0 
0.347 0 .1 73 27.0 
0. 93 0 0.465 24.6 
5.57 2.78 21.5 
31.8 15. 9 27.2 
80.8 40.4 44.2 
I 
\.0 
~ 
I 
__ , _ _. .• ' ·-·'·-··-- <:· __ . · ... 
·-----·--·---- '"--··-"'""""" 
Table XXIV 
A Comparison of the Theoretical~ Values as Calculated from Smith~Ewart, 
Case 2 and Experimental~ Values from the Aerosol Ba~ed Series at 60°C 
( 
[M]m'?les 5 0.5 0.25 0.125 0.0625 0.0312 0.0156 M X 10- 3 liter 
X 10- 3 n M (GPC) n 
Surfactant 
Aerosol IB-45 211 21. 1 10.6 5.30 2.65 1.33 0.663 26.2 
II A-268 36 20 362 181 90. 5 45.3 22.6 11. 3 16.8 
II A-196 5060 506 253 127 63.3 31. 6 15.8 21.7 
II AY-65 7000 700 350 175 87.5 4 3. 8 21.9 17.4 
II TR-70 104 10.4 5.20 2.60 1.30 0.650 0.325 28.7 
II MA-80 19,000 1900 952 4 76 238 119 59.5 13. 7 
II OT-75 68,000 6800 3400 1700 852 4 26 213 20.6 
II 18 27,000 2700 1350 676 338 169 84.5 16.0 
II 22 32,400 3240 1620 808 404 202 101 45.0 
I 
I.O 
V, 
I 
Table XXV 
A Comparison of the Theoretical M Values as Calculated from Smith-Ewart, 
n 
Case 2 and Experimental M Values from the Igepal Based Series at 60°C n 
[M]m<:'les 6 5 4 3 2 1 0.5 10- 3 liter M 10-3 X M n X 
n 
Surfactant 
Igepal C0-210 121 101 80.8 60.5 40.4 20.2 10.1 12.6 
II C0-430 268 223 178 134 89.2 44.6 22.3 20.3 
II C0-530 28.3 23.6 18.9 14. 2 9.44 4.72 2.36 28.6 
II C0-630 39.2 32.7 26.2 19. 6 13.1 6.54 3.27 28.7 
II C0-710 45.6 38.0 30.4 22.8 15.2 7.60 3.80 3 8. 9 
II C0-730 908 757 605 454 303 151 75.6 47.9 
II C0-850 122 102 81.6 61.0 40.8 20.4 10.2 26.3 
II C0-880 3570 2 980 2380 1785 1190 595 298 4 8. 8 
II C0-890 8950 7460 5960 4476 2980 14 90 746 60.1 
I.O 
°' I 
Table XXVI 
A Comparison of the Theoretical M Values as Calculated from Smith-Ewart, n 
Case 2 and Experimental M Values from the Triton Based Series at 60°C n 
[M] m'?les 
liter 
Surfactant 
Triton X-15 
II X-35 
II X-45 
II X-114 
II X-100 
II X-102 
II X-165 
II X-305 
II X-405 
6 
68.8 
53.7 
4.21 
38.6 
10.7 
30.4 
195 
1110 
2820 
2 
M x 10- 3 
n 
2 2. 9 
17.9 
1.40 
12.9 
3.57 
10. 1 
97.5 
370 
940 
1 
11. 5 
8.95 
0.702 
6.43 
1.78 
5.07 
4 8. 8 
185 
4 70 
M x 10- 3 
n 
(GPC) 
1 9. 2 
20.0 
23.0 
28.0 
27.0 
24.6 
21.5 
27.2 
44.2 
/ 
Table XXVII 
A Comparison of the Average*Theoretical M Values as Calculated from Smith-Ewart, 
- n Case 2 and Experimental Mn Values from the Aerosol Based Series 
[MJm?les 5 0.5 0.25 0.125 0.0625 0.0312 0.0156 
M X 10- 3 
liter 
M 10- 3 n X n 
Surfactant 
(GPC) 
I Aerosol IB-45 22.4 2.24 1. 12 0.559 0.286 0.140 0.070 26.2 
I..O 
-..J 
I It A-268 192.9 19.3 9.65 4.83 2.41 1 . 21 0.603 16. 8 It A-196 534 53.4 26.7 13.4 6.68 3.34 1. 6 7 · 21. 7 II AY-65 734 73.4 36.7 18.4 9. 1 8 4. 5 9 2.29 17.4 It TR-70 11.0 1. 10 0.551 0.276 0.138 0.0689 0.0344 28.7 II MA-80 1990 199 99.9 50.0 25.0 12.5 6.24 13. 7 It OT-75 7170 71 7 359 180 89.8 4 4. 9 22.4 20.6 It 18 2860 286 143 71. 5 35.8 1 7. 9 8. 94 16. 0 II 22 3400 340 170 85.0 42.5 21 . 3 10.6 45.0 
*Average: 20% of Mn of Table XXIV and 80% of Mn of Table XXI on a rnunbL'r basis. 
I 
I.!) 
CX) 
I 
Table XXVIII 
A Comparison of the Average*Theoretical Mn Values as Calculated from Smith-Ewart, 
Case 2 and Experimental M Values from the Igepal Based Series n 
[MJm<?les 6 5 4 3 2 1 0.5 
X 10- 3 10- 3 M 
liter 
M X n 
n (GPC) 
Surfactant 
Igepal C0-210 12.8 10.7 8.53 6.40 4.27 2.13 1.07 12.6 
II C0-430 28.1 23.4 18.7 14.1 9.37 4.68 2.34 20.3 
II C0-530 2.99 2.49 1. 9 9 1.50 1.00 0.498 0.249 28.6 
II C0-630 4.27 3.56 2.85 2.14 1.42 0.712 0.356 26.7 
II C0-710 4.69 3. 91 3.13 2.35 1.56 0.782 0.391 38.9 
II C0-730 95.5 79.6 63.7 47.8 31.8 15. 9 7.96 4 7. 9 
II C0-850 12.8 10.7 8.53 6.40 4.27 2.13 1.07 26.3 
II C0-880 376 313 251 188 125 62 .· 5 31.3 48.8 
II C0-890 941 748 627 471 314 157 78.4 60.1 
*Average: 20% of ~ of Table XXV and 80% of Mn of Table XXII on a number basis. 
I 
I.O 
I.O 
I 
Table XXIX 
A Comparison of the Average*Theoretical M Values as Calculated from Smith-Ewart, 
- n 
Case 2 and Experimental Mn Values from the Triton pased Series 
[M]m'?les 
liter 
Surfactant 
Triton X-15 
" X-35 
" X-45 
" X-114 
" X-100 
" X-102 
" X-165 
" X-305 
" X-405 
*Average: 20% of 
6 
7.26 
5.55 
0.426 
4.27 
1. 2 7 
3.41 
20.4 
117 
2 96 
M 
n of Table XXVI 
2 1 
2.42 1.21 
1.85 0.924 
0.142 0.0710 
1.42 0. 711 
0.423 0.212 
1 . 14 0.568 
6. 81 3.41 
38.9 1 9. 5 
98.7 49.4 
and 80% of M 
n of Table XXIII 
M x 10- 3 
n 
(GPC) 
19.2 
20.0 
23.0 
28.0 
27.0 
24.6 
21.5 
27.2 
4 4. 2 
on a number basis. 
experimentally obtained values of M. This trend is clear-
n 
ly evident in the copolymer series based on the Aerosol 
surfactants. As the particle size decreases, or becomes 
finer, the concentration of monomer [M] in the particles 
decreases. The same behavior is true for the copolymers 
based on the Igepal and Triton surfactants; the only 
difference being that the concentration of monomer inside 
the particles remains higher [M] ~ 6 (even as the degree 
of hydrophobicity of the surfactants decreases). 
The molecular weight is inversely related to the rate 
of radical generation. This relationship is explained by 
the Smith-Ewart Theory, Case 2, relating the degree of 
polymerization to the rate constant of propagation, mono-
mer concentration, number of particles and the rate of 
radical generation. During the second stage of polymer-
ization, where 80% of the monomer polymerizes at 85°C, the 
radical flux does not remain constant. There is approxi-
mately a four-fold decrease in the rate of radical genera-
tion during the course of polymerization at 85°C from the 
initial 15 minutes to the final 15 minutes of the reaction. 
Therefore, the molecular weight produced during the latter 
stages of the polymerization will be of higher molecular 
weight, owing to a low radical flux, than the molecular 
weight produced during the initial s.tages of polymerization 
at 85°C. With this distribution of molecular weights being 
produced, the polydispe~sity index, Mw/Mn' would increase. 
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The data reflects a broadening of the distribution in the 
Aerosol series, this is probably caused by a chain transfer 
mechanism. 
In the Igepal and Triton series the number average 
molecular weight decreases as the HLB decreases; an ex-
planation could be that chain transfer is occurring through 
the hydrophobic portion of the emulsifier molecule. The 
number of particles decreased with d~creasing HLB at 
constant levels of both emulsifier and initiator. With 
larger particles the rate of radical entry into the poly-
mer particles is more frequent than that of smaller parti-
cles; therefore, the molecular weight is lower. For S/BA 
emulsions based on Igepal C0-210 and C0-430, the molecular 
weight decreases along with a decrease in particle size 
over that of the S/BA emulsion based on Igepal C0-530. 
Hydrophobicity increases with decreasing HLB value, chain 
transfer being likely to be more pronounced at lower HLB 
values, when the weight fractions of the nonyl and octyl 
phenol are greatest for the Igepal and Triton surfactants, 
respectively. This is also evident upon examining the 
number average molecular weight as predicted by the Smith-
Ewart Theory, Case 2. 
The major deviation of the experimentally obtained 
M results and those calculated by using the Smith-Ewart n 
-101-
I 
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Theory, Case 2, is evident between the Igepal C0-210 to 
Igepal C0-710 surfactant series and is even more pronounced 
between the Triton X-15 to Triton X-102 surfactant series. 
Molecular weights,~' calculated at 60°C, the 
temperature at which the seed particles are initially 
polymerized, are greater in value than the molecular 
weights at the end of polymerization. Molecular weight 
is inversely related to the rate of radical generation. 
The rate of radical generation is lower at 60°C than at 
85°C. This is in accordance with the equation for the 
degree of polymerization put forth by Smith-Ewart. 
Some modifications and extensions of the Smith-Ewart 
Theory were made by Stockmayer, who found a general solu-
tion of the Smith-Ewart recursion equation. Van der Hoff 
applied Stockmayer's treatment of the Smith-Ewart Theory 
for a specific case, in which there is no transfer of 
radical activity out of the particle. This gives the 
following equation: 
where 
n = 
kd = 
kt = 
n 
Z = a/4 a = 
the average number of free radicals per 
particle 
the rate constant for the decomposition 
of the initiator 
the rate constant for termination of 
polymer radicals 
-102-
/ 
f = the average of the efficiencies of both 
initiator fragments in starting polymer 
chains 
\ 
[I] = the amount of initiator per unit volume of 
organic phase 
NA= Avogadro's Number 
v = the volume of the particle 
If chain transfer is neglected, the equations for the 
rate of polymerization and degree of polymerization are 
given by: 
-1/2 /k ~1/2 
RP= Z,k: fkd [I'l [M] 
, DP= z(:~ fkd [I~ [M] 
p 
where 
[M] = the monomer concentration 
k = the rate constant for chain propagation p 
The data presented indicate that the closest agreement 
between the experimentally obtained average molecular 
weight, M, is achieved when applying the Smith-Ewart n 
Theory, Case 2. The modified Smith-Ewart Theory is not 
applicable to the interpretation of this experimental 
polymerization series. Data are reflected in Tables XXX, 
XXXI, and XXXII. 
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Table XXX 
A Comparison of the Theoretical M Values as Calculated from the Modified n Smith-Ewart Theory and Experimental M Values from the n Aerosol Based Series at 85°C 
For [M] = 1 mole liter 
radicals 
0.25 0.50 0. 7 5 1.00 1.25 1. 50 
X 10- 3 
n particle 
M M 10-3 
n 
X 
n 
(GPC) 
Surfactant 
I 
f-' 
0 
Aerosol IB-45 0.820 1.64 2.46 3.28 4.70 4. 92 26.2 
~ 
I 
II A-268 7.25 14.5 21.8 29.0 36.3 43.5 16. 8 II A-196 19. 9 39.8 59.7 79.6 99.5 119.4 21. 7 II AY-65 27.9 55.8 83.7 112 140 167 17.4 II TR-70 0.413 0.827 1.24 1.65 2.07 2.48 28.7 II MA-80 75.1 150 225 300 376 451 13. 7 II OT-75 2 72 544 816 1088 1360 1632 20.6 II 18 108 216 324 432 540 648 16. 0 II 22 129 258 387 516 645 774 45.0 
,-.r ,,•. ,., o· 
Table XXXI 
A Comparison of the Theoretical M Values as Calculated from the Modified n Smith-Ewart Theory and Experimental M Values from the n Igepal Based Series at 85°C 
For [ M] = 4 mole liter 
n 
radicals 
0.25 a.so 0.75 1.00 1.25 1. 50 
X 10- 3 
particle 
M 
.... .::,. 
10- 3 n M X 
(GPC) n 
Surfactant 
I 
I-' 
0 
u, Igepal C0-210 1.56 3.13 4.69 6.25 7.82 9. 3 8 12.6 
. , 
II C0-430 3.56 7.12 10.7 14.2 17.8 21.4 20.3 
II C0-530 0.375 0.750 1. 13 1.50 1 . 8 8 2.25 28.6 
II C0-630 0.517 1.03 1.55 2.07 2. 5 8 3.10 28.7 
II C0-710 0.610 1.22 1.83 2.44 3.05 3.66 3 8. 9 
II C0-730 9.50 19. O 28.5 38.0 47.5 57.0 47.9 
II C0-850 1.56 3.13 4.69 6.25 7.82 9.38 26.3 
" C0-880 52.5 105 158 210 263 315 4 8. 8 
II C0-890 119 238 357 4 76 595 714 60.1 
I 
f-' 
0 
O'I 
I 
Table XXXII 
A Comparison of the Theoretical M Values as Calculated from the Modified 
n 
Smith-Ewart Theory and Experimental M Values from the 
n 
radicals n ----=----=--particle 
Surfactant 
Triton X-15 
II X-35 
II X-45 
II X-114 
II X-100 
/ 
/ 
/ 
II X-102 
" X-165 
" X-305 
II X-405 
0.25 
1.13 
0.880 
0.078 
0.645 
1.78 
0.508 
3.32 
18.4 
46.9 
Triton Based Series at 85°C 
0.50 
2.27 
1.76 
0.156 
1.29 
3.57 
1.02 
6.63 
36.8 
93.8 
0.75 1.00 
M x 1 o- 3 
n 
3.40 4.53 
2.64 3.52 
0.235 0.313 
1. 94 2.58 
5.35 7.13 
1.53 2.03 
9.95 13.3 
55.2 73.6 
141 188 
1.25 
5.67 
4.40 
0.391 
3.23 
8.92 
2.54 
16. 6 
92.0 
23 5 
For 
1.50 
6.80 
5.28 
0.469 
3.87 
10.7 
3.05 
1 9. 9 
110 
281 
[MJ = 5.orn?le 
liter 
M x 10- 3 
n 
(GPC) 
19. 2 
20.0 
23.0 
28.0 
27.0 
24.6 
21.5 
27.2 
44.2 
H. Establishment of Surface Tension/Concentration Curves 
Using the Madison-Kipp SensaDyne 5000 Maximum Bubble 
Pressure Surface Tensiometer, Surface Tension versus 
Concentration Curves were constructed for the various 
anionic Aerosol surfactants used in this investigation. 
The electrolyte and surfactant concentrations were 
those corresponding to conditions of actual emulsion 
polymerization. Two runs were made for each surfactant 
sample, first using a K2s2o8 solution at room temperature 
(undecomposed) and, secondly, a K2s2o8 solution heated to 
85°C for 2t hours (decomposed). Concentrated surfactant 
solutions were prepared and subsequently pipetted into 
the bulk solution of K2s2o8 (either undecomposed or de-
composed). Ten to eleven data points, surface tension, 
were obtained versus concentration of surfactant added to 
the system (see Graphs 8-16). The first aliquot of sur-
factant solution, brought the system to approximately 
0.2 wt. % solids which is above the CMC of six of the 
surfactants. The last aliquot of surfactant solution, 
which corresponded to the level of surfactant used in the 
polymerization experiments, was below the CMC of one sur-
factant (Aerosol IB-45, CMC= 18 wt. %). Two of the CMC's 
fell within the range of investigation; they are Aerosol 
AY-65 and Aerosol MA-80. The literature values compare 
favorably to the experimentally obtained CMC values as 
shown in Graphs 17 and 18. 
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The expected general trend of surface tension reduc-
tion as a function of concentration was observed for the 
Aerosol series. For the decomposed K2S2o8 solutions, the 
surface tension was generally lower (2-3 dynes/cm) than 
for the undecomposed. 
There are, however, three noteworthy exceptions: 
(1) Aerosol TR-70 (Graph 12) shows an increase in 
surface tension of the undecomposed K2S2o8 solution after 
a certain concentration level, due to possible hydrophobic 
aggregate formation. 
(2) Aerosol 22 (Graph 16); a marked difference in 
surface tension evidenced itself between the two types of 
electrolyte conditions. The decomposed K
2
s
2
o
8 
system 
giving substantially lower surface tension values. 
(3) Aerosol OT-75 (Graph 14); surface tension curve 
shows a significant reduction in surface tension after 
the first aliquot and a subsequent flat profile for both 
electrolyte conditions. 
I. Thin Layer - FID Chromatography [28,30] 
Standard samples of varying feed ratios of styrene/ 
n-butyl acrylate were bulk polymerized using photo irradi-
ation in the UV range. The conversions were kept below 
10% to ensure a constant feed ratio. 
The samples were then analyzed by elementary analysis 
for carbon and hydrogen to determine the exact composition 
-119.:.. 
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of both styrene and n-butyl acrylate. This elementary 
analysis was performed by Galbraith Laboratories, Inc., 
Knoxville, Tennessee. 
To characterize a random copolymer of styrene/n-butyl 
acrylate by thin-layer chromatography, it is necessary to 
find the appropriate developer solvents. A solvent is 
needed to preferentially dissolve one of the homopolymers, 
allowing it to migrate up the thin quartz rod along with 
the solvent front. For a styrene/n-butyl acrylate system, 
the developer solvents are carbon tetrachloride and ethyl 
acetate. Both polystyrene and polybutyl acrylate remain 
immobile in carbon tetrachloride, but polystyrene migrates 
up the solvent front in ethyl acetate. Depending·on the 
composition of the random copolymer, it is evident that 
the degree of migration along the quartz rod is directly 
related to the composition. 
Solutions of both the standard samples and the ex-
periments based on Aerosol surfactants were prepared; 
the concentration was Sg/1 in tetrahydrofuran. Two micro-
liters of the solutions were then applied to thin quartz 
rods coated with a silica gel. After the application of 
the samples onto the quartz rods, they were developed 
using a binary solvent system, carbon tetrachloride and 
ethyl acetate (4:1 by volume). The ethyl acetate-silica 
interaction is much. greater than the silica-polY!ller inter-
action for the polystyrene fraction of the copolymer, 
' I 
thereby causing it to migrate further up the quartz 
-120-
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rod than the poly n-butyl acrylate portion. After the 
development, the thin quartz rods were dried by vaporizing 
the solvent in an oven. The rods were then placed in the 
Iatroscan TH-10 TLC/FID Analyzer for scanning. The rods 
are passed through a hydrogen flame at about 800°C. Re-
sults are recorded on a strip chart. Graphs 19 and 20 
reflect percent copolymer composition of S/BA copolymer 
based on Aerosol IB-45 and Aerosol A-268. 
S/BA copolymer based on Aerosol IB-45, Graph 19, 
shows skewing towards higher styrene content; composition 
being about 63% styrene and 37% n-butyl acrylate. 
S/BA sample based on Aerosol A-268, Graph 20, shows 
skewing towards higher BA content, being about 62% BA 
and 38% styrene. 
The limited amount of analytical work done with this 
piece of apparatus shows that great skill and care are 
required to obtain meaningful and reproducible results. 
It is apparent that for each polymer evaluation, a series 
of at least 5 to 10 individual samples must be run. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 
The conclusions that can be drawn from this study of 
the "Role of Surface Active Agents in Emulsion Copolymer-
izations" are as follows: 
1. From the ultrasonifi6ation .prescreening study it 
has become apparent th~t three of the most ~table pre-
emulsions~Aerosol 18, 22, and DT-75-which showed excel~ 
lent stabilfty on standing for prolonged periods, yielded 
upon actual copolymerization of the S/BA emulsion copolymers 
the highest molecular- weights and smallest particle size 
emulsion copolymers. 
2. -For the ultrasonified Igepal CO- series, stability 
· of the pre-emulsions increased to an 80-100% level as the 
HLB increased. Actual polymerization experiments showed 
that upon increase in HLB value two physical properties are 
inversely related;- namely, -as the HLB of the nonionic Ic;repal 
CO increased, the molecular weight increased and the.parti-
cle size decreased. 
3. A similar trend of pre-emulsion st~bility was ob-
served fo~ the Triton X- based S/BA emulsion copolymers. 
However, molecular weight and particle size behavior do not 
follow the trerid noticed for the Igepal CO- .series in 
relation to the HLB value. -~ 
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4. Actual S/BA copolymers C:Y.fJCrimenl~ and subB.(,:(jU<:r,l 
evaluation of molecular weight by GPC showed that M Jn-
. . . w 
creases with decreasing CMC and increasing carbon chaih 
length of the hydrophobic portion of the ~ni0nic hcr0s0l 
surfactants. There is one major exception; n~mely, her0-
sol TR-70 which has the low~st CMC and highest number 0f 
carbons in the hydrophobe. 
5. The particle size of the Aerosol based S/Bh co-
polymers decreases as the molecular weight increases 
and these phenomena are thu~ in agreement with the at-
cepted Smith-Ewart emulsion polymerization theories. 
6. Within the Aerosol experiments, Aerosol Hh-80 !"€:-
vealed some interesting and.yet unexplained phenomenon, 
namely, the presence of some very small background r.1ateri-
al, possibly a small crop of parti~les. 
7. Varioµs procedures for particle size determina-
tions- TEM, light scattering and HDC- showed acceptable 
correlation between the data obt~ined. 
8. Significantly lower conversion rates were achie\·ec 
with the nonionic surfactants using the same poly·merizatio;1 
parameters as for the anionic Aerosol series. The co:n·er-
sion rate generally increased upon increase of the HLE 
value which is related to the percent ethylene oxide 
content of the respective surfactant. 
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9. Molecular weight determinations of the Igepal co-
based experiments showed a definite incre~se in both ij 
w 
and g with an increase in HLB; the exception being ·rgepal n 
C0-850. 
10. Particle size determination by TEM shqwed a 
definite trend toward smaller particle size with increas-
ing HLB, starting with Igepa~ C0-530 which represents the 
first water dispersible sutfactant of the Igepal CO- series 
examined in this investigation. 
11. The molecular weight df the Triton X- based S/BA 
copolymer experiments remained almost constant, at about 
64,500 g over th~ HLB range of J.6 ·to 17.3. This is in w 
marked. contrast to the results obtained with the Igepal CO-
series. These results were totally unexpected, especially 
in view o.f the fact that there is only a very slight dif-
ference in the molecular stru~tbre between the Igepal CO-
and Triton X- series of surfactants (i.e., nonyl versus 
octyl phenol in the hydrophobic portion). A fuither in~ 
vestigation into the physiGal structure- especially the 
molecular weight of the Triton v~rsus the Igepal series) 
should be carried out in an attempt to explain the ob-
served transfer reaction. 
12. The particle size determinations for the Triton 
X- series ihowed similar trends to the coriesponding 
-126-
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Igepal CO- series, namely, a particle size decrease with 
,,. 
increasing HLB, starting with the first water dispersible 
Triton X-45 surfactant. 
13. Copolymer composition determination_s were carried 
out using Thin-Layer...,FID Chromatography for two of the 
Aerosol based S/BA copolymers. The expected composition 
of the S/BA copolymer should be about 50/50. The Aerosol 
IB-45 S/BA copolymer showed a greater styrene to n-bu.tyl 
acrylate ratio {about 64/36) arid the Aerosol A-26S experi-
ment showed a 38/62 styrene to n-butyl, acryl_ate ratio. 
Finally,. this s~udy provided highly importa_nt a·nd 
interesting data and should be used as the basis for 
further investigation, such as: 
A. Investigate the 9 (nine) Aerosol an~onic sur-
factants of this study in a S/BA em:ulsion copolymer at 
three different surfactant levels. 
B. Evaluate these experiments for MW, M ' and n 
M /M w n (GPC) • 
c. Evaluate these experiments for D w' D n' and 
n /o w n (TEM) • 
D. Evaluate these ex~eriments for compdsitiori (Thin 
Layer/FID). 
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E. Evaluate the experiments for Stability (Zeta Pot.). 
F. Evaluate the experiments for T~ .(Gehman)~ 
G.. Evaluate these experiments for Hardness (Knoop). 
H. Evaluate these ex·per iments for Rheological proper-
ties (Hercules Hi-Shear, Brookfield or Haacke). 
I. Evaluate the experiments for Terisile and elonga-
tion properties (Instron). 
J. Evalu~te these experiments for water resistance 
properties (Water Vapor Transmission). 
K. Evaluate these experiments fo~ chemical resistance 
properties (Spot tests, iriunersion Tests). 
L. Evaluate these experiments .~n pigmented system, 
such as a desirabl~ 20% PVC semi-gloss latex formulation, 
and evaluate these experiments for such coating$ properties 
as: 
(a) Flow and levelling 
(b) Scrubbability resist~nce 
(c) Stain removal 
(d) Freeze-thaw stability 
(e) Rheological properties 
(f) Adhesion to various substrates, such as 
glossy surfaces and chalky surfaces 
..:..120~ 
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(g) UV resistance (exterior durability) 
(h) Alkaline resistance 
(i) Solvent resistance 
-129-
, ' .. ,, 
V. BIBLIOGRAPHY 
[1] Rose, A.; Rose, E., "The Condensed Chemical Dictionary", 
Reinhold Publishing Corp., New York, 1961, p.104 g. 
[2] Molliet, J. L.; Collie, B.; Black, W., "Surface 
Activity", London, E.&.F.N. Spon Ltd., 1961, p.5. 
[3] Antara Chemicals, a Division of General Aniline & 
Film Corporation, New York, N.Y. 
[4] Rohm and Haas Co., Specialty Products Dept., Bulletin 
CS-40, 2/78, Philadelphia, Pa. 
[5] Schwartz, A. M.; Perry, J. W.; Birch, J., "Surface 
Active Agents and Detergents", Interscience Publishers, 
Inc., New York, N.Y., 1949, pp.338,346,349,351; 1958, p.123. 
[6] McCoy, C. E., Jr., "The Role of the Surfactant in 
Emulsion Polymerization", Official Digest, Vol. 35, 
No. 459, pp.327-49. 
[7] Schwartz, A. M.; Perry, J. W.; Birch, J., "Surface 
Active Agents and Detergents", Interscience Publish-
ers, Inc., New York, N.Y., 1958, p.436. 
[8] Bovey et al., "Emulsion Polymerization" High Polymers 
(Vol. IX), Interscience Publishers, New York (1955), 
pp.179-205. 
[9] Bovey et al., op.cit., pp.179-205. 
[10] Schwartz, A. M.; Perry, J. W.; Birch, J., op.cit., 
p.123. 
[11] Van der Hoff, B. M. E., "Polymerization and Polycon-
densation Processes", Advances in Chemistry Series 34, 
American Chemical Society, 1962, pp.6-31. 
[12] Patton Temple C., Paint Flow & Pigment Dispersion, 
2nd Ed., pp.285-88, John Wiley & Sons, New York, 
1979. 
(13] Bradford and Vanderhoff, J. Colloid Science 14, 543-
61, (1959). 
-130-
'I. 
/11 
[14] Smith & Ewart, J. Chern. Phys. 16, 592 (1948). 
[15] Stockmayer, J. Polymer Sci. 24, 314 (1957). 
[16] Van der Hoff, J. Polymer Sci. 33, 487 (1958). 
[17] Ugelstad, El-Aasser and Vanderhoff, J. Polymer Sci. 
Polymer Lett. Ed., Vol. II, pp.503-13 (1973). 
[18] Priest, w. J., J. Phys. Chern. 56, 1077 (1952). 
[19] FMC, Persulfates in Emulsion Polymerization, Techni-
cal Bulletin 45. 
[20] Syed Mahmood Ahmed, Ph.D. Dissertation, Lehigh Uni-
versity, 1979. 
[21] Maqsood Syed Ahmed, Research Report, Lehigh University, 
1981. 
[22] Heller & Eolkin, Rubber Reserve Co. Report CR 160, 
1943; Heller & Klevens, ibid. Report CR 563, 1945; 
Harkins, J. Arn. Chern. So~9, 1428 (1947). 
[23] Medvedev, Ric. Sci., Suppl. 25, 897 (1955); ibid., 
"International Symposium on Macromolecular Chemistry," 
Pergamon Press, New York, 1959, p.174. 
[24] Sheinker & Medvedev, Dokl. Akad. Nauk SSSR 97, 111 
(1954) (translated in Rubber Chern. & Tech. 29, 121 
(1956); ibid., Zh. Fis. Khim.~, 250 (1955f:"" 
[25] Small, H., J. Coll. and Int. Sci. 48, 147 (1974). 
[26] Giddings, J. C., J. Chrornatogr. 125, 3 (1971). 
[27] Giddings, J.C., M. N. Meyers and J. F. Moellmer, 
J. Chrornatogr. 149, 501 (1978). 
[28] Hiroshi, I., T. Kotaka and T. I. Min, Pure and Appl. 
Chem. 46, 61 (1976). 
[29] Griffin, w. C., J. Soc. Cosmetic Chemists 1 (5), 311 
(1949), Off. Dig. Federation Paint & Varnish Pro-
duction Clubs 28, June 1956. 
[30] Min, T. I., Graduate Research Progress Report No. 15, 
Lehigh University, January 1981. 
-131-
APPENDIX A 
Electron Irradiation Using the Sherman Fairchild Van de 
Graaff 
The Sherman Fairchild Van de Graaf f accelerator car1 
produce 1n air a beam of high energy electrons, wh0se 
kinetic energy Etan b~ set between land 3 Mev, with a 
maximum beam current of about 80 microamps. The electron 
beam is horizontal, and is extracted (rom the end of the 
accelerator·beam line through a 0.127 mm (0.005 inch) 
aluminum foi"l window. The electron beam spreads as it 
moves through the air -away from the window and at a c1s-. 
tance of ·about 20 cm can provide an electron flu.x that .• c:: 
..1..~ 
uniform to withi~ 10% over an area of about 9 2 cm 
total beam extends covers an area of about 36 cm2 -
between 1/2 flux maximum posit-ions). This flux has bee:: 
used to irradiate s_emi-~onductors and polymers. So.lid 
samples present no problem for irradiation. LiqD:id 
samples ~ay be irrc;:i.diated in thin-walled glass tubes or, 
if very viscous, exposed as vertical thin films (with or 
without a suitable backing). 
Since the energy loss ~; (Mev /cm) is nearly uniform 
in the energy range between land 3 Mev, any sample thin 
enough to have electrons exit from it ~t energies above 
l Mev will have had an absorbed dose .rate DR (energy/sec-
gm) which is nearly constant and independent of the actual 
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I 
,:, ... 
thickness of the sample. In the example below, a thin 
Ethocel film is exposed to a 2 Mev electron beam, defined 
by an opening (aperture) in a thick a.l ~irn,rrn plate. The 
operation conditio~s are typical. 
Energy - 2 Mev 
Total Window Current - 25 x 10~6 amp 
Current Density at Sample -0.1 x 10-6 amp/cm2 
LJ /aperture 
- ~ - -
sample/ · ,1 l S crn~1< ---c--- 20 cm 
beam 1 ine electron 
window-~ 
~·· 
A 2 Mev electron has a- maximum range of . 83 as in 
Ethocel (see gr~phs) and a sample of 0.036 cm thick would ab-
. . 
sorb about (2.5 Mev/cm) (.036 cm) or about .09 Mev/electron. 
A sample twice as thick would absorb twice as much, but -has 
twice the mass, so the dose rate would be the same. 
In the table below, the average energy loss between 
1 and 3~ Mev has been converted into ari absorbed dose rate 
DR 1 expressed in megarads/min. (1 rad = 10 0 ergs/ gm = 
1 x 10-'5 joules/~) for a~ electron flux having a current 
density_ at the sample of 0.1 x 10-6 amps/cm 2. In all cases, 
the samples are thin enough so thqt the electrons have at 
least 1 Mev on exiting. The maximum sample thickness~ 
at which thi:_5 occurs is listed as a function of electron 
energy. 
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Electron Irradiation Dose Rate 
Energy - l to 3 Mev 
I\,• oJ 'Ji,' •, •. "'•., .. 
Current Density at Sample -0.l x 10-6 -amps/cm2 
Dose Rate 
Sample DR (Megarad/rnin) 
Water 1.24 
Ethocel l. 24 
Aluminum .938 
Silicon .984 
Quartz 1.02 
Max, Sample Thickness .X (cm) for 
E = l Mev E = 2 Mev E = J Mev 
0 0. -4 8 0.96 
0 0.41 0.82 
0 0.23 0.45 
0 0.25 0.50 
0 0.22 0.44 
Users of the Van de Graaff are charged separately for 
the technician's time (both for running the experiment and 
for preparing it) and for the actual u~e of the facility 
on an hourly basis. Details may be obtained from Dr. Wes-
ley R. Smith, Coordinator (861-3957) or Mr. Richa-rd O. 
White, Technical Services (861-3953). 
-134-
. ) . . ·--'.· -:,:,-. .., 
11 1 
Electron Irradiation 
dE Energy Loss dx (Mev/cm) 
vs. 
Energy E (Mev) 
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Electron Irradiation 
Maximum Range R(cm.) 
vs. 
Energy E (Mev) 
.. . ..... 
for Water, Ethocel, Aluminum, Silicon, Quartz 
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APPENDIX B 
Computer Charts of 27 Experiments: 
9 Aerosol, 9 Igepal and 9 Triton S/BA 
Emulsion Copolymers 
(total 54 charts) 
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